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ABSTRACT  
   
The behavior of a solid oxide fuel cell (SOFC) cermet (ceramic-metal 
composite) anode under reaction conditions depends significantly on the structure, 
morphology and atomic scale interactions between the metal and the ceramic 
components. In situ environmental transmission electron microscope (ETEM) is 
an important tool which not only allows us to perform the basic nanoscale 
characterization of the anode materials, but also to observe in real-time, the 
dynamic changes in the anode material under near-reaction conditions. 
The earlier part of this dissertation is focused on the synthesis and 
characterization of Pr- and Gd-doped cerium oxide anode materials. A novel 
spray drying set-up was designed and constructed for preparing nanoparticles of 
these mixed-oxides and nickel oxide for anode fabrication. X-ray powder 
diffraction was used to investigate the crystal structure and lattice parameters of 
the synthesized materials. Particle size distribution, morphology and chemical 
composition were investigated using transmission electron microscope (TEM). 
The nanoparticles were found to possess pit-like defects of average size 2 nm 
after subjecting the spray-dried material to heat treatment at 700 °C for 2 h in air. 
A novel electron energy-loss spectroscopy (EELS) quantification technique for 
determining the Pr and Gd concentrations in the mixed oxides was developed. 
Nano-scale compositional heterogeneity was observed in these materials.  
 The later part of the dissertation focuses mainly on in situ investigations of 
the anode materials under a H2 environment in the ETEM. Nano-scale changes in 
the stand-alone ceramic components of the cermet anode were first investigated. 
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Particle size and composition of the individual nanoparticles of Pr-doped ceria 
(PDC) were found to affect their reducibility in H2 gas. Upon reduction, 
amorphization of the nanoparticles was observed and was linked to the presence 
of pit-like defects in the spray-dried material. Investigation of metal-ceramic 
interactions in the Ni-loaded PDC nanoparticles indicated a localized reduction of 
Ce in the vicinity of the Ni/PDC interface at 420 °C. Formation of a reduction 
zone around the interface was attributed to H spillover which was observed 
directly in the ETEM. Preliminary results on the fabrication of model SOFCs and 
in situ behavior of Ni/Gd-doped ceria anodes have been presented. 
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Chapter 1 
INTRODUCTION 
1.1 Background of the project 
 Fuel cells are electrochemical devices which can convert chemical energy 
from a fuel directly into electric energy. The first working demonstration of the 
fuel cell was given around 170 years ago by William Grove, which he termed as a 
‘gas voltaic battery’ and which utilized the electrochemical reaction between 
hydrogen and oxygen over a platinum catalyst to produced electricity. However, 
major interest in the development of this technology for power generation arose 
only in the 1970s due to the growing political concerns over the saturation in the 
fossil fuels supply in near future. Moreover, concerns about global warming, 
believed to be caused predominantly by burning of the fossil fuels, and increasing 
energy demands turned the focus of many scientists and engineers to look for 
alternative means of power generation.  
 Fuel cells utilize the electrochemical reaction between a hydrogen-rich 
fuel and air or oxygen to produce water. The two electrodes, the anode and the 
cathode are separated from each other by an electrolyte. The electrolyte can either 
be solid or liquid and serves as a means to conduct only specific kinds of ions. A 
catalyst is generally used on the electrodes to accelerate the reactions. Fuel cells 
are generally classified according to the nature of electrolyte used, with an 
exception for direct methanol fuel cells, which are named because of their ability 
of use methanol as a fuel. These include (a) polymer exchange membrane fuel 
cells (PEMFC), (b) direct methanol fuel cells (DMFC), (c) molten carbonate fuel 
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cells (MCFC), (d) phosphoric acid fuel cells (PAFC), (e) alkaline fuel cells (AFC) 
and (f) solid oxide fuel cells (SOFC). Each of these fuel cells utilizes different 
materials and work at different temperatures, but they are all based around a 
central design. Table 1.1, briefly lists some basic properties and applications of 
these fuel cell types. 
 
1.2 Solid oxide fuel cells 
Solid oxide fuel cells are ceramic-based solid-state devices. They are 
emerging as a very promising technology for efficient conversion of chemical 
energy into electricity. Due to their attractive properties, they offer many potential 
advantages over other fuel cell types. Some of these are briefly discussed below. 
SOFCs have high conversion efficiency (up to 65%) and, upon utilizing 
the waste heat generated from the electrochemical oxidation of the fuel, the 
overall energy efficiency can be increased up to 85%. This is generally done by 
combining them with a heat engine where the excess heat is re-circulated to 
perform some useful work. SOFC based combined heat and power units are 
commercially being used for stationary power generation [1].  
What makes SOFCs extremely attractive is their high fuel flexibility. 
Apart from pure H2, they can utilize hydrocarbon fuels (e.g. methane [2-4], 
propane [5], and higher hydrocarbons [6, 7], commercial fuels (e.g. octane [8], 
natural gas [9]), logistic fuels (e.g. JP-3, JP-8) [10] and syngas (CO and H2 
mixture) [11]. Most of these carbonaceous fuels are a ‘poison’ for many other fuel 
cell types. For example, the PEMFCs are highly intolerant to CO and require less 
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than 10 ppm of CO in the fuel for long term operation [12].This is because the CO 
species from the fuel can adsorb on Pt surface and deactivate it. This limits the H2 
oxidation at the anode, and consequently lowers the fuel cell potential and the 
conversion efficiency [13]. Hence, successful utilization of fuels other than pure 
H2 always requires extensive fuel reforming. This increases the number of fuel 
processing steps which in turn lowers the overall energy efficiency for these fuel 
cells. SOFCs, however, due to their high operating temperatures, have the 
capability to internally reform the carbonaceous fuels. This reduces the system 
costs considerably and makes them a better choice for power generation where 
fuel flexibility is essential. Moreover, with the right choice of materials, carbon 
deposition in SOFCs can be considerably suppressed [14].  
 The higher operating temperatures of the SOFCs also allow much faster 
electrochemical reactions, with lower activation losses and ability to use cheaper 
catalytic metals like Ni. Hence, more expensive noble metal catalysts like Pt 
could be completely avoided. Other fuel cell types like PEMFCs, AFCs and 
PAFCs which operate at lower temperatures (< 200 °C) often suffer due to kinetic 
limitations and almost always require Pt as the electrode catalyst.  
  
1.2.1 Working principle of SOFCs 
A schematic diagram of a generic SOFC is shown in Fig. 1.1. The 
electrolyte of an SOFC consists of a dense thin layer of an oxygen ion conducting 
ceramic which acts as a buffer between the two electrodes. This ceramic material 
inherently consists of a large concentration of oxygen vacancies which allows 
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oxygen ion diffusion. The cathode is a porous ceramic layer which is exposed to 
an oxygen-rich environment, usually air. At the cathode, gaseous oxygen is 
catalytically converted into oxygen ions which diffuse through the electrolyte 
layer towards the anode due to the chemical potential gradient between the 
cathode and the anode. The cathodic reaction is described in reaction. 1.1. The 
anode is composed of a porous layer of a cermet (ceramic-metal composite) 
material. The ceramic component of the cermet is generally the same material as 
the electrolyte to ensure thermal compatibility and the transport of oxygen ions to 
the triple phase boundaries (TPBs). The TPBs are the junctions where ceramic, 
metal and the gas phase meet. The metal component of the cermet is generally Ni 
which is dispersed in the ceramic matrix so as to form an interconnecting 
framework for electronic conduction. The anode side is exposed to the reducing 
environment of a hydrogen rich fuel. Here the fuel molecules are catalytically 
broken down into carbon and hydrogen on the Ni surface.  
The fundamental processes that take place in an SOFC during operation 
are illustrated in Fig. 1.2. In the case of a simple fuel like pure hydrogen, the 
diatomic H2 molecules are broken into atomic H species at Ni surface. The atomic 
H species readily lose their electrons to the metal and become protons (H+). These 
protons readily combine with O2- ions at the TPB to form water and the electrons 
get conducted through the interconnecting network of Ni metal to the outer 
circuit. The anode reactions are described in equations (1.2) to (1.5). These 
electrons are allowed to perform some useful work before they enter the cathode 
side and repeat the cathodic reaction. The whole cycle continues as long as the 
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fuel and air are supplied on both sides and no degradation of the materials take 
place.  
At cathode:   O2 + 4e
- →  2O2-    (1.1) 
At anode:   H2  →
catalyst  2H+ + 2e-   (1.2) 
2H+ + O2- →  H2O + 2e
-   (1.3) 
H2 + O
2- →H2O + 2e
-    (1.4) 
CnH2n+2 +(3n+1)O
2- →  nCO2 + (n+1)H2O + (6n+2)e
-  (1.5) 
 
1.2.2 Fundamental processes in SOFCs 
 Fuel cell operation involves a number of processes which govern the 
overall energy conversion efficiency. These processes consist of an inter-
correlation of thermodynamics, electrochemistry, ionic and electrical conduction, 
heat and mass transfer etc. and need to be understood to obtain maximum output 
from the fuel cell. From a thermodynamic overview, the maximum amount of 
electrochemical work that can be achieved by an SOFC is given by [15]: 
We = ∆G = -neFE    (1.6) 
where We is the electrochemical work, ∆G is the change in Gibbs free energy, n is 
the number of electrons, F is Faraday’s constant and E is the potential difference. 
Under standard conditions, this reaction becomes: 
∆G
o
 = -neFE
o     (1.7) 
Gibbs free energy for a reaction involving gases is be given by [15]: 
∆G = ∆G
o
 +RTln(K)    (1.8) 
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where ∆Go is the standard Gibbs free energy, R is the ideal gas constant and K is 
the reaction equilibrium constant. The equation for cell potential can then be 
obtained by rewriting the expression for Gibbs free energy as [15]: 
K
Fn
RT
EE
e
o ln−=     (1.9) 
which is known as the Nernst potential. For an SOFC utilizing H2 as a fuel, the 
above expression can be written as: 
2
1
22
2
.
ln
2
OH
OHo
PP
P
F
RT
EE −=    (1.10) 
This Nernst potential is the maximum voltage that be obtained from an SOFC 
under the conditions specified above and is also known as the open circuit voltage 
(OCV). However, there are overpotential losses that occur during SOFC operation 
which can reduce the OCV considerably, and the net cell voltage is then given by 
[15]: 
Vcell = E – ηactivation – ηOhmic – ηconcentration  (1.11) 
where ηactivation is the activation loss caused by the slow chemical reactions taking 
place on the electrode surfaces. This is predominately due to kinetic limitations in 
the fuel cell. Fortunately, the high working temperatures of the SOFCs 
compensates for these losses to keep the losses low. Also, catalysts are generally 
used to speed-up the chemical reactions at the electrodes. For example, in the 
SOFC anode, Ni metal also acts as a catalyst to breakdown fuel species and 
enhances the cell performace. ηOhmic represents the ohmic losses that are caused by 
electronic and ionic resistance when the charge carriers flow through the SOFC. 
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ηconcentration correspond to the losses resulting from the change in concentrations of 
the reactants at the electrodes. As seen from Eq. 1.11, the cell potential is strongly 
dependent on the concentration of the reacting gases. During operation, the 
reactants are constantly depleted, and need to be re-supplied to keep the SOFC 
running. Also, these losses can occur due to a limitation of the reactants reaching 
the electrocatalyst surface. 
 
1.3 Commercial SOFCs and problems. 
 Commercially available SOFCs mostly use yittria stabilized zirocnia 
(YSZ)-based materials for electrochemical energy conversion [15]. Due to the 
high oxygen ion conductivity of YSZ at 1000 °C, it has become the commercial 
material of choice. However, in spite of their successful use in commercial and 
household stationary applications, they remain expensive in terms of installation 
and maintenance costs. This is because the high temperature operation of these 
cells leads to many challenging materials problems which negatively affect the 
cell performance and almost always requires expensive materials. The most 
commonly observed materials problems include: (a) solid state reaction between 
the cell components, (b) Ni particle sintering after prolonged operation and which 
can lead to stresses and mechanical failure (c) cracking upon redox cycling, (d) 
mechanical failure due to delamination, (e) carbon deposition leading to 
deactivation of catalytic activity in Ni when hydrocarbon fuels are employed and 
(f) expensive interconnect materials are required to withstand high temperatures, 
thus increasing the stack cost. Many of these problems, however, can be mitigated 
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by lowering the operating temperature of the SOFC. However, this requires 
electrodes and electrolyte materials that have respectively high catalytic activities 
and ion conductivities at low temperatures.  
 
1.4 Ceria-based oxides for SOFCs 
Ceria-based oxides provide a potential solution to most of the problems 
associated with the high temperature operation. This is made possible by high 
ionic conductivity of ceria (1.9 x 10-5 S/cm) at lower temperatures. Doping ceria 
with rare earth elements like Gd, Pr, Sm, Y etc., have been shown to significantly 
enhance the ionic conductivity of ceria in the intermediate temperature range (500 
°C to 700 °C) [16-20]. Ceria-based materials have also been found to be resistant 
to carbon deposition which permits direct supply of hydrocarbon fuels to the 
anode [8, 21-23]. Ceria-based materials are also superior to YSZ in terms of 
chemical compatibility with the common cathode materials where no reaction 
between the ceria based layer and the cathode was observed [24]. Moreover, ceria 
exhibits mixed ionic and electronic conduction under reducing conditions at high 
temperatures, which can enhance the number of electrochemical sites throughout 
the anode.  
 
1.4.1 Structural properties of ceria-based oxides 
 Ceria (CeO2) crystallizes in a fluorite (mineral form of CaF2)-type crystal 
structure which has a face-centered cubic unit cell with space group mFm3  and a 
lattice parameter of 0.5411 nm [JCPDS 34-394]. A ball and stick model of this 
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structure is shown in Fig. 1.3. In this structure, the Ce cations form a ccp array 
with oxygen anions occupying all the tetrahedral holes, as indicated for example 
in the shaded tetrahedron in Fig. 1.3. It is, however, also possible to shift the 
origin and redraw the elementary cell as a primitive cubic array of oxygen ions. 
This is indicated by a shaded cube in the Fig. 1.3. In this arrangement, oxygen 
anions occupy the corners of a simple cube and Ce cations are present at 
alternating cube centers. This arrangement also reveals the 8-fold coordination of 
Ce in CeO2 structure. 
 Cerium, along with two other rare-earths, praseodymium and terbium, can 
exhibit +3 and +4 oxidation states. A number of oxygen deficient intermediate 
phases with compositions belonging to a homologous series MnO2n-2m (where 
M=Ce, Pr, or Tb; n and m are integers) also exist with oxidation states in between 
+3 and +4 [25]. The phase compositions in these are strongly dependent on 
temperature and oxygen partial pressure. However, it is well established that these 
intermediate phases have fluorite related structures [25]. This is because the 
defects present in these phases always occur in the cubic primitive anion sub-
lattice, leaving the ccp cation array rather unchanged. Figure 1.4(a) and 1.4(b), 
relatively show the phase diagrams in the Ce-O and Pr-O systems and reveal 
several possible phases in each of these systems depending on temperature and 
oxygen stoichiometry. These phases have been named as α = MO1.72-2, β = 
MO1.833, δ = MO1.818, ε = MO1.800, ζ = MO1.788, ι = MO1.714, and σ = MO1.714-1.5 
[25]. 
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Out of these intermediate phases, α and σ phases in particular need to be 
pointed out. At high temperatures and low oxygen partial pressure, ceria exists in 
the form of a series of non-stoichiometric oxides with a general composition 
CeOx, with 1.714<x<2 [26]. This is the so called α phase which is a fluorite-
related disordered phase and is stable at high temperatures, Fig. 1.4(a). At lower 
temperatures, however, it transforms through a disorder-order process into a series 
of ordered fluorite related phases. In the range 1.5<x<1.714, the Ce-O phase 
diagram is dominated by the presence of the σ phase, a non-stoichiometric 
(Ce2O3+δ) phase. The sesquioxides (Ce2O3) may exhibit a hexagonal La2O3 
structure (A-type, with space group 13mP ) or a cubic Mn2O3 structure (C-type, 
with spacegroup 3Ia ) [27]. The C-type Ce2O3 is the compositional end member of 
the non-stoichiometric σ phase series. It crystallizes in a bixbyite (Mn2O3) 
structure and can be considered as a double edge fluorite structure with one fourth 
of the oxygen sites vacant and regularly ordered. These two structures are closely 
related as in both cases the cation arrays are identical and anions occupy 
tetrahedral sites. In the fluorite structure, the anions occupy all the available 
tetrahedral sites, while in the bixbyite they only fill three quarters in a perfectly 
ordered array. The bcc unit cell of the C-type Ce2O3 has a lattice parameter 
around 1.121 nm, which is about twice that of the fcc unit cell of CeO2 [28].  
Mixed oxides of Ce and Pr may also follow similar intermediate phase 
series, and are considered to be fluorite-related structures [25]. Gadolinium 
generally exhibits +3 oxidation state and forms the C-type sesquioxide (Gd2O3) 
with a lattice parameter of 1.081 nm [29]. Mixed oxides of Ce and Gd have been 
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studied over a wide composition range. With Gd3+ substitution in the fluorite 
lattice of CeO2, the structure remains fluorite-like until 40 mol% Gd in CeO2 with 
lattice parameter around 0.5439 nm [29]. Above this composition range, the ceria-
gadolinia solid solution exist in the form of C-type cubic structure corresponding 
to the parent Gd2O3 phase.   
 
1.4.2 Electrical behavior of ceria 
 Ceria is classified as a mixed conductor exhibiting both electronic and 
ionic conductivities. Its electrical properties are strongly dependent on 
temperature, oxygen partial pressures and the presence of dopants. The total 
conductivity in a mixed conductor is the sum of the partial conductivities of all 
charge carriers present in the material. The partial conductivity σj (measured in 
S/cm) is represented by the general equation [26]: 
σj= CjZjeµj    (1.12) 
where Cj, Zje, and µj are the charge carrier concentration (per cm
3), charge 
(Coulombs) and mobility (cm2/Vs) respectively. The total conductivity, σt in ceria 
for the general case where electrons, holes and oxygen vacancies are the primary 
charge carriers is give by [28]: 
O
VOheCet
eVeheeC
&&
&& µµµσ 2][][][ ++′=
•    (1.13) 
At high temperatures and under reducing conditions ceria behaves as an n-
type semiconductor and electrons are liberated due to the reduction of Ce4+ to 
Ce3+. This is also accompanied by the formation of oxygen vacancies, the 
concentration of which is of the same order of magnitude as that of the electrons 
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[30, 31]. In the oxygen deficient CeO2-x, concentration of oxygen vacancies is 
given by nv=4x/ao
3, where ao is the lattice parameter. According to charge 
neutrality, the number of electrons is ne = 4x/ao
3, which is equal in magnitude to 
the vacancy concentration [32]. However, electronic conduction in ceria is not 
explained by a band model but through the formation of small polarons [33]. A 
polaron in an ionic crystal is the combination of an electron and the polarization 
induced by it when the electron is introduced in the crystal. Since the positive ions 
in the crystal will be slightly attracted to the electron, they adjust their positions 
slightly resulting in a polarization field. A ‘small polaron’ refers to the case where 
the polarization cloud is smaller than the atomic spacing in the crystal Fig. 1.5 
shows the process of an oxygen vacancy formation in ceria, adapted from [34]. 
Under reducing conditions, when oxygen leaves the ceria lattice it leaves behind a 
vacancy and two electrons which get localized on the two adjacent Ce atoms 
converting Ce4+ to Ce3+. The only way this small polaron can move to an adjacent 
site is by an activated hopping process, similar to that shown by ions. 
Thus under the reducing conditions of an SOFC anode, a ceria based 
anode will exhibit mixed conduction which in turn can be beneficial for anode 
performance. Since the process of fuel oxidation takes place predominantly on the 
TPBs, an electronic conduction in the ceramic component can significantly 
expand the TPB zones. The collection efficiency of electrons generated during 
fuel oxidation can be increased via electronic conduction through the ceramic 
component. Moreover, this would then require less metal to be used for creating a 
percolating conducting path, thus decreasing the percolation threshold. However, 
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mixed conduction is extremely detrimental for ceria based electrolytes. This is 
because electronic conductivity in the electrolyte can cause short-circuiting, 
thereby reducing the cell output voltage [32]. 
 
1.4.3 Effect of dopants 
 Pure ceria, generally, is never used as an SOFC component, anode or 
electrolyte. This is because the ionic conductivity of pure ceria in the intermediate 
temperature range is extremely low. However, the ionic conductivity of ceria can 
be enhanced by the introduction of dopants. For the general case of a trivalent 
dopant cation M3+ in CeO2 lattice, the excess charge is balanced by a vacancy 
compensation mechanism [26], and is given by: 
xMO1.5 + (1-x)CeO2 ↔ xM'Ce +0.5xVÖ + (1-x)CeCe +(2-0.5x)Oo (1.14) 
 The above reaction implies that when x moles of trivalent dopant are 
added into ceria, 0.5x moles of vacancies are created, thus increasing the 
concentration of vacancies in these mixed oxides. Thus dopants like Gd, Sm, Y, 
Nd have been found to significantly enhance the ionic conductivity of ceria [16-
20]. Fig.1.6. shows Arrhenius plot of various ion conductors used in SOFCs, 
adapted from [12, 18]. It is evident that Gd-doped ceria is significantly better as 
compared to zirconia based ceramics. The dopant ionic radii dependence of ionic 
conductivity in ceria based oxides is shown in Fig.1.7. This indicates that two best 
dopants for enhanced ionic conductivity are Gd and Sm. However, in the 
literature, the ionic conductivities of Sm and Gd have been found to be very 
comparable [36].  
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The effect of co-doping (addition of two different dopants in ceria to give 
a tertiary oxide composition) has also shown that significant improvements in the 
ionic conductivity of ceria can be made. The ionic conductivity of ceria based 
oxides is believed to be affected not only by the concentration and distribution of 
oxygen vacancies, but also on the lattice strain [36]. It has been suggested that co-
doping might suppress the ordering of oxygen vacancies in ceria and lower the 
activation energy for ionic conduction, thereby improving the ionic conductivity 
[36]. Tertiary compositions of Sm and Gd with compositions SmxGd0.15-
xCe0.85O1.925 (x = 0, 0.05, 0.1, 0.15) have been found to have much higher 
conductivities in the temperature range of 400 °C to 700 °C than ceria 
compositions with single dopant Gd0.15Ce0.85O1.925, and Sm0.15Ce0.85O1.925 [37, 38].  
Similarly, tertiary compositions of Gd- and Pr-doped ceria have been 
found exhibit higher ionic conductivities than those with single dopants [39-44]. It 
has been suggested that small additions of Pr (up to 3 mol%) extends the 
electrolytic domain boundary of ceria by decreasing the overall electronic 
conduction in reducing environment [39]. Since ceria based oxides can develop 
electronic conductivity in a reducing environment, an extension of the electrolytic 
domain is extremely beneficial for ceria based electrolytes. On the other hand, 
since the SOFC anode can benefit from the mixed conductivity in ceria-based 
oxides, desired electronic conductivity can be obtained by controlling the Pr 
dopant concentration in the tertiary compositions. Computational studies done by 
Dholabhai et al., using the kinetic lattice Monte Carlo (KLMC) model have 
confirmed the higher ionic conductivity of Pr and Gd tertiary oxides with ceria 
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[45] as compared to the binary oxides of Pr-doped ceria [46] and Gd doped 
ceria[47]. Figure 1.8(a) and 1.8(b), respectively show the calculated ionic 
conductivity in these oxides with total dopant content at 500 °C and 700 °C. Gd-
rich, Pr-rich as well as equal concentrations of Gd and Pr dopants in ceria have 
been found to possess much higher ionic conductivities than Gd-doped ceria in 
the total dopant content in the range 20-25 mol% [45].  
 
1.5 Goals of this research 
Currently, ceria based materials are being investigated as a potential 
replacement of the YSZ based commercial SOFCs that operate at high 
temperatures. However, lowering the operating temperature is not the only 
parameter to make this technology a success. An understanding of the 
fundamental processes that take place in these materials under near-reaction 
conditions is extremely important to optimize the properties of these materials. 
Moreover, as explained before, ceria is a complex system and a fundamental 
investigation of these materials, especially in the cermet anodes is extremely 
important. To accomplish this, characterization tools like scanning electron 
microscope (SEM), in situ x-ray diffraction (XRD), thermo gravimetric analysis 
(TGA), temperature programmed reduction (TPR) etc. can be used. However, 
most of these techniques study the materials on a macroscopic scale and do not 
provide information about materials behavior on an atomic level. In situ 
environmental transmission electron microscopy (ETEM) is an advanced tool that 
can not only allow us to simulate near-reactions conditions, but also to observe 
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chemical reactions at atomic scale in real-time. Hence, using this tool, a 
fundamental investigation of SOFC materials will result in useful information for 
the advancement of this technology. 
The first goal of this dissertation is to synthesize and characterize mixed 
oxide compositions of Pr-doped CeO2 (PDC) and Gd-doped CeO2 (GDC) as well 
as Gd and Pr co-doped CeO2 (GPDC) for ceria-based anodes and electrolytes. 
Chapter 3 discusses the synthesis technique used, synthesis set-up design and 
construction, and some fundamental issues relating to the synthesis process for 
homogeneous composition preparation. Chapter 4 presents the characterization 
results for the synthesized compositions. The crystal structure, morphology, 
particle size distribution and chemical composition of the synthesized mixed 
oxides have been discussed.  
The second goal of this dissertation is to use in situ ETEM to investigate 
the fundamental processes taking place in these materials in a hydrogen 
environment. The mixed oxides of Ce and Pr were first investigated, before 
studying the role of Gd co-doping. Chapter 5 discusses the reducibility of pure 
CeO2, and PDC nanoparticles in a hydrogen environment. Parameters affecting 
the reducibility of these nanoparticles have been discussed. Thereafter, the effect 
of Ni metal addition to the PDC composition have been investigated and 
discussed in chapter 6.  
The third goal of this research was to correlate the anode performance of 
Gd- and Pr-co-doped CeO2 (GPDC) compositions with the in situ investigation of 
Ni-GPDC and Ni-GDC anodes in the ETEM. Chapter 7 discusses preliminary 
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results on the fabrication and characterization of model solid oxide fuel cells 
constructed for investigating anode performance and the issues related to the 
fabrication and testing procedures. Chapter 8 presents preliminary results on the 
in situ investigation of the Ni-GPDC and Ni-GDC anodes.  
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Table 1.1  
 
Fuel Cell Types, Their Properties and Typical Applications [1] 
 Electrolyte 
Mobile 
Ion 
Operating 
Temp. (°C) 
Electrical 
Efficiency 
Catalyst Application 
PEMFC 
Ion exchange 
membrane 
(water- 
based) 
H+ 80 40-60% Pt 
Vehicles, 
small 
stationary 
HT- 
PEMFC 
Ion exchange 
membrane 
(acid-based) 
H+ 120-200 60% Pt 
Small 
stationary 
DMFC 
Polymer 
membrane 
H+ 60-130 40%  Portable 
MCFC 
Molten 
carbonate 
CO3
2- 650 45-60% Ni Stationary 
PAFC 
Liquid 
H3PO4 
H+ 200C 35-40% Pt Stationary 
AFC Liquid KOH OH- 60-90 45-60% Pt 
Submarines, 
spacecrafts 
SOFC Ceramic O2- 500 - 1000 50-65% Ni Stationary 
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Figure 1.1. Schematic illustration of SOFC operation under pure H2 as fuel 
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Figure 1.2. Schematic illustration of fundamental processes taking place during 
SOFC operation under pure H2 as fuel. 
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Figure 1.3. Unit cell of CeO2: ccp array of Ce ions with eight oxygen ions 
occupying all the tetrahedral holes (indicated by shaded tetrahedron); alternative 
view of the structure as a cubic oxygen sub-lattice with Ce ions present at 
alternate cube centers (shaded cube). 
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Figure 1.4. Phase diagrams in the (a) Ce-O system [24], and (b) Pr-O system [23]. 
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Figure 1.5. The process of oxygen vacancy formation in ceria. An oxygen atom 
moves away from its lattice position leaving behind two electrons, which localize 
on two cerium atoms, turning Ce4+ to Ce3+ (adapted from [31]). 
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Figure 1.6. Arrhenius plot for various fluorite oxides. Gd doped ceria is extremely 
promising. Bi2O3 –based oxides also seem promising, but they are structurally 
unstable (adapted from [12, 16]. 
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Figure 1.7. Ionic conductivity of doped ceria at 800 °C against the radius of 
dopant cation, rc shown in the horizontal axis is for the critical radius of divalent 
or trivalent cation, respectively (adapted from [16]) 
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Figure 1.8. Calculated ionic conductivity with total dopant content in Gd-rich, Pr-
rich and equal amount of Gd and Pr co-dopants in ceria at (a)500 °C and (b) 700 
°C [45] Data for pure Pr-doped ceria [46] and Gd-doped ceria [47] generated 
using the Kinetic lattice Monte-Carlo simulation has also been shown for 
comparison. 
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Chapter 2 
INSTRUMENTATION AND METHODS 
2.1 Introduction 
This chapter describes the characterization tools and techniques used in 
this research for analyzing the properties of the synthesized materials. Both 
macroscopic and nanoscale characterization of the materials was performed. 
Macroscopic characterization of the material provides an understanding of the 
average behavior of millions of nanoparticles which are present in the 
nanopowder. Information about crystal structure, aggregate size, average 
composition, reduction temperature etc. can be obtained in the powder sample. 
For sintered samples, grain structure, density, thermal expansion, electrical and 
ionic conductivity, optical and magnetic properties etc. can be estimated. In this 
dissertation, x-ray diffraction and thermogravimetric analysis were used to 
investigate the macroscopic properties of the materials. 
Nano-characterization was performed using a transmission electron 
microscope (TEM). TEM is a powerful tool that allows us to perform atomic scale 
characterization of materials. It uses an electron beam to illuminate a specimen 
and obtain information about material properties by analyzing the transmitted 
beam. Information about atomic arrangement, crystal symmetry, morphology, 
atomic scale distribution of elements, chemical states of the elements present in a 
compound, presence of defects, grain boundaries in polycrystalline materials, 
interfaces, etc. can be obtained. Moreover, in situ environmental TEM allows us 
to investigate dynamic changes in the material under near reaction conditions in 
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real time. The basics of high resolution imaging and electron energy-loss 
spectroscopy techniques are discusses in this chapter. A detailed description of the 
ETEM and experimentation is also given. 
 
2.2 Macroscopic characterization 
2.2.1 X-ray diffraction 
 X-ray diffraction (XRD) was used to determine the crystal structure, 
lattice parameters, and crystallite size of the nanopowders. A Rigaku D/Max-IIB 
diffractometer using Cu Kα radiation and equipped with a post-diffraction 
monochromator (for the removal of fluorescence scattering) was used. A zero 
background quartz plate was used for collecting the XRD data. A thin layer of 
petroleum jelly dissolved in hexane was first sprayed onto a selected region on the 
quartz plate. Powder sample was then sprinkled over that region and tapped 
continuously to obtain a thin uniform layer of the powder. Data was collected 
over a 2θ range of 20° to 100° at scan speed of 0.2°/min with a step size of 0.02°. 
XRD patterns were analyzed using the JADE® software, where the background 
was first subtracted using a straight line. Peak fitting was performed on the 
background subtracted XRD patterns by using a pseudo-Voigt distribution 
function [1]. The data was smoothened by performing a 5-point averaging.  
 The crystallite size was estimated using the Scherrer equation [2], which 
relates the x-ray peak broadening to crystallite size D, according to the following 
relation: 
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where βt is the total peak broadening, β0 is the instrumental broadening, and λ is 
the wavelength. However, in the case of nanoparticles, peak broadening may 
additionally occur due to strain in the lattice. The Williamson-Hall equation [3] 
can then be used to accommodate the lattice strain contribution to peak 
broadening observed in the XRD pattern. The Williamson-Hall equation is a 
modified form of the Scherrer equation and is given by the following expression 
[3]: 
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where ε is the lattice strain. The above equation can be used to calculate average 
crystallite size D, and lattice strain simultaneously by plotting (βt – β0)cosθ 
against 4 sinθ which usually results in a linear relationship. The slope of this line 
will give the lattice strain, while the average crystallite size can be obtained from 
the intercept with the vertical axis. 
 The measurement of lattice parameter from the XRD is generally an 
indirect process. The lattice parameter, a, in a cubic system is related to the 
interplanar spacing, d, by the following equation [4]: 
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Interplanar spacing d is determined from the Bragg’s law [4]: 
λ = 2d sinθ       (2.4) 
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However, the value of d determined using Eq. 2.4 can consist of significant errors 
resulting from the values of θ which is the measured quantity in this case. In such 
a case, the shape of the sinθ vs θ is not linear, but looks like as shown in Fig. 2.1. 
The largest gradient on this curve occurs at low values of θ meaning that a small 
error in the recorded value of the angle of the diffraction peak will result in a 
significant error in the calculated value of sinθ. At high values of θ, however, the 
error in the measured values of sinθ will be considerably less. This is depicted in 
the Fig. 2.1 by shaded regions, where ∆θ and ∆sinθ represent the errors in the 
measured values. This implies that for precise measurement of the lattice 
parameters, high angle diffraction peaks should be used. A similar conclusion can 
be drawn by differentiating Bragg’s equation to obtain: 
θθ∆−=
∆
cot
d
d
    (2.5) 
At θ = 90°, cotθ = 0, and ∆d = 0, implying no error in the measurement. However, 
practically, θ = 90° is not possible and the result simply means that highest 
possible values of θ will give the least error in lattice parameter measurement.  
 In case of automated lattice parameter calculation, as in the JADE® 
software, a number of high angle diffraction peaks are generally used to obtain an 
average value of the lattice parameter. A linear least squares regression is 
generally used to perform lattice parameter refinement. This method was thus 
used to obtain precise values of lattice parameters of the nanopowders studied in 
this research.  
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2.2.2 Thermogravimetric analysis 
 The macroscopic reducibility of the nanopowders in a H2 environment was 
investigated by thermogravemtric analysis (TGA). A Setaram TG-92 system was 
used for this purpose, the schematics of which are shown in Fig. 2.2. This system 
consists of a graphite furnace equipped with temperature and gas control modules. 
The system is equipped with a computer to record the data while the experiment is 
in progress. The sample under investigation sits in a Pt cup and is subjected to a 
linear temperature change or held under a constant temperature. A reducing 
mixture of 5% H2 and 95% He gas is used for the reducibility study. A continuous 
record of change in weight of the sample is made as a function of temperature 
under this reducing environment. 
 The temperature profile used for the reducibility characterization of the 
nanopowders using the TGA is as shown in Fig. 2.3. The initial weight of the 
nanopowder sample was between 40 mg to 80 mg. The samples were first 
subjected to a pre-cleaning step at a lower temperature (300 °C) to remove 
adsorbates like moisture or hydrocarbons, which may complicate the 
interpretation of mass loss profiles. The TG-92 system was first purged with the 
reducing gas mixture for 1 h. Then the sample was heated to 300 °C at a heating 
rate of 10 °C/ min and held at temperature for 5 h. Following this the sample was 
cooled down to 150 °C and held for another 5 h. For the mass loss measurements, 
the sample was heated at a heating rate of 2 °C/min to 900 °C and held for 2.75 h. 
The reducing gas flow rates were maintained at 100 cc / min throughout the 
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experiment.  The samples were finally cooled down to room temperature at a 
cooling rate of 5 °C/min.  
 The sample weight measured continuously throughout the experiment was 
plotted as a function of both temperature and heating time. Such a curve is called 
the TGA curve and provides information about mass loss in the sample at 
different stages in the experiment. A differential thermogravimetry (DTG) curve 
is obtained by plotting the negative of the rate of mass loss change with 
temperature (-dM/dT) with respect to temperature. The resulting curve is useful in 
directly estimating the reduction temperature of the sample. The peaks in the 
DTG curve correspond to significant mass loss during reduction. The minimum of 
the primary peak corresponds to the maximum rate of reduction and is defined as 
the reduction temperature. The area under this peak is proportional to the total 
mass loss in the sample during reduction. Another important feature of the DTG 
curve is the presence of multiple peaks. These peaks correspond to surface 
reduction effects or composition variations in the sample. 
 
2.3 Nano-characterization  
Transmission electron microscopy (TEM) is a powerful tool that uses a 
beam of electrons to obtain atomic scale images and to perform nano-
characterization of the material specimens under investigation. Different 
interactions between the specimen and the electron beam give rise to phenomena 
which can be utilized to obtain in-depth information about the material. Some of 
these phenomena include elastic and inelastic scattering, electron diffraction, 
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production of characteristic x-rays etc. The basic techniques employed in this 
research for nano-characterization of the materials and the theory governing each 
of these techniques has been described in the sections below. 
 
2.3.1 TEM and STEM imaging 
  The basic layout of a transmission electron microscope is as shown in Fig. 
2.4. It consists of an electron gun system which produces a beam of electrons via 
either thermionic emission or field emission of electrons from a filament 
(generally tungsten or a LaB6 crystal) [5]. The electrons emitted are generally 
accelerated under an applied voltage to produce an energetic beam of electrons. 
Electromagnetic lenses consisting of quadrupoles and hexapoles are used to 
deflect the electrons which change direction under the applied magnetic field due 
to Lorentz force [5]. A condenser lens system is used to form the primary beam, 
where the beam convergence is changed by varying the current through the 
electromagnetic lens coil. Electron beam transmitted through the specimen is 
focused by an objective lens which forms an image or a diffraction pattern which 
is then further magnified and projected onto a phosphor screen or a CCD camera 
by intermediate and projector lenses [5]. Figure 2.5 and Fig. 2.6, respectively 
show simplified ray diagrams for image formation and diffraction pattern 
formation in the first image plane using the objective lens. The objective lens has 
been drawn as an optical lens for simplicity.  
 Low magnification imaging can be used to obtain information about the 
nanoparticle morphology, dispersion, particle size distribution etc. [6-8]. Atomic-
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scale information is generally obtained from the high-resolution images which can 
be used to calculate the interplanar spacing and determining the structure of the 
nanoparticles. They can be used to investigate the defect structure, defect density, 
superstructure formation, structure of grain boundaries etc. [9-11]. Moreover, 
information about the crystallinity of the specimen can be obtained by observing 
the lattice fringes in the high resolution images. Amorphous structures usually 
appear as a speckle contrast pattern in the high resolution. Diffraction patterns can 
provide additional information about the crystallinity of the particles, where 
diffused rings are observed for amorphous samples and sharp bright spots for the 
crystalline ones.  
 In a scanning transmission electron microscope (STEM) the electron beam 
is converged to make a narrow probe. This probe is then scanned over the 
specimen surface in a raster which is accomplished by a set of scan coils located 
between the condenser lens and the objective pole piece. A variety of different 
detectors can then be used to collect the transmitted electron beams to form an 
image. These include bright field (BF) detector which intercepts the beam, and 
annular dark field (ADF) detector that surrounds the transmitted beam to collect 
the scattered electrons. As the probe is scanned over the specimen, signal 
corresponding to each point on the specimen is detected, and amplified to obtain a 
complete image of the area being scanned. Serial recording is generally performed 
in the STEM, as compared to parallel recording in the regular TEM. 
 The high-angle ADF (HAADF) detector is commonly used to obtain what 
is known as the Z-contrast image. The intensity at the detector is approximately 
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proportional to the square of the atomic number Z of the atoms in the specimen 
(Z2) [12]. The atoms with higher atomic number give rise to higher intensities in 
the image giving rise to a Z-contrast in the image when atoms of significantly 
difference in atomic numbers exist in the specimen. Figure 2.7 shows a simplified 
schematic diagram of z-contrast image formation in the STEM. The inelastically 
scattered electrons can also be collected by the energy-loss spectrometer which is 
installed below the STEM detector. Electron energy-loss spectroscopy (EELS) 
provides information about the chemical composition and chemical states of the 
probed atoms. The simultaneous collection of the Z-contrast or bright field STEM 
image with EELS spectrum from each point in the scanned region of the specimen 
can thus result in a highly powerful technique for nano-characterization of 
materials. 
   
2.3.2 Electron energy-loss spectroscopy in the TEM 
Electron energy-loss spectroscopy (EELS) is a powerful analytical 
technique that can be used to determine the chemical composition of 
nanoparticles. It can also be used to look at individual atomic columns and 
identify the type of atoms and their bonding states [13]. The EELS technique is 
based on the phenomenon of electron scattering that takes place when a beam of 
electron hits the specimen. The electron beam-specimen interactions generally 
result in two types of scattering events namely, elastic scattering and inelastic 
scattering. When the electron beam travels through the solid specimen, the 
electrons in the beam get deflected due to the electrostatic fields of the atomic 
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nuclei and the surrounding electrons in the specimen. In this process, the electrons 
loose very little to zero loss in energy. Inelastic scattering involves the scattering 
due to the interaction of beam electrons with the atomic electrons and generally 
involves a loss in beam energy (due to inelastic collision).  
 Figure 2.8(a) shows a schematic view of the two electron scattering 
events that take place during electron beam – specimen interaction. Electron A 
undergoes elastic scattering as a result of the electrostatic field of the nucleus. 
Electron B however undergoes inelastic scattering by interaction with atomic 
electron C. In general, electrons similar to B will follow different trajectories, 
with different scattering angles and energy losses. This results in a continuous 
distribution of energy-loss in what is called as an energy-loss spectrum. Figure 
2.8(b) shows a quantum mechanical view of the inelastic scattering event 
described in Fig. 2.8(a). In this diagram, the core electron C is excited from the K-
shell to an empty state in the conduction band above the Fermi level, EF. The 
corresponding energy-loss in the electron beam appears as an edge or a sharp 
peak in the energy-loss spectrum. 
The EELS spectrum consists of a low-loss region (energy-loss due to 
valence shell transition) and a core-loss region (energy-loss due to inner-shell 
transitions). The low loss region also contains the zero-loss peak which 
corresponds to nearly zero loss in electron energy. Following the zero-loss peak, 
the ionization edges are generally preceded by a rapidly falling background, 
which needs to be subtracted for spectral processing. Figure 2.9 shows some of 
the possible edges due to inner-shell transitions. Transitions are generally named 
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based on the shell and the corresponding atomic orbitals from which the electron 
transition takes place. For example, the electron transition from a 3d3/2 or 3d5/2 
orbital are referred to as M4,5. The EELS spectrum can thus provide information 
about the valence states of the atoms present in the specimen [13, 14]. 
The scattering processes are generally quantified by means of the 
differential cross section dσ/dΩ, which represents the probability of an incident 
electron being scattered (per unit solid angle Ω ) by a given atom. In the zero-loss 
peak of the EELS spectrum, where the major contribution in the signal is due to 
elastic scattering, the differential cross-section is given by [12]: 
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where q = 4/λsin (θ/2), θ is the scattering angle, λ is the electron wavelength, a0 is 
the Bohr atomic radius, Z is the atomic number of the scattering nucleus and p = 
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. For the core-loss edges (involving inelastic scattering), the signal varies 
with both the scattering angle and the energy loss E. The cross-section can then be 
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where m0 is the electron rest mass, v is the electron velocity, θE is the 
characteristic inelastic scattering angle, GOS is the generalized oscillator strength 
and represents the number of electrons per atom that take part in a particular 
energy-loss process. For small scattering angles (θ <<1 rad), the energy 
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differential cross section can be ontained by integrating Eq. 2.7 up to an 
appropriate collection angle β to give an expression that is dependent on E [15]: 
sEdEd −∝σ     (2.8) 
where s is an integer. 
EELS can also be used to determine the chemical composition of the 
specimen. If the specimen consists of atoms of type A and B, the EELS spectrum 
would consist of edges corresponding to both A and B. Background before each 
edge is generally subtracted using a power law relationship of the type AE-r [15], 
however, other background models can also be used. Energy windows of a 
specific size are selected over both edges in order to integrate the intensity under 
the signals. A ratio of the integrated intensities under the A and B edges would 
then give a rough estimate of the content of each type of atoms. The exact atomic 
ratio of the elements can then be obtained by using the equation derived by 
Egerton [16]: 
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where, NA and NB are the number of A and B atoms per unit area,
A
MI  and 
B
MI are  
the integrated intensities from the EELS spectrum under an integration of window 
of size ∆ and β is the experimental collection semi-angle. The quantities AMσ  and 
B
Mσ represent the partial ionization cross sections of the atoms A and B 
respectively. Partial cross sections in general are defined by [15]: 
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where dσ/dE for the above expression can be obtained from Eq. 2.8. 
Figure 2.10(a) and 2.10(b) respectively show a photograph and a 
schematic diagram of the EELS spectrometer (Gatan® imaging filter (GIF)) used 
to record the energy-loss spectra. The electrons transmitted through the specimen 
enter the spectrometer through a variable entrance aperture. These electrons then 
travel through a drift tube where they are deflected through angles greater than 
and equal to 90° by the magnetic field. Depending on the energy-loss of the 
electrons, some electrons get deflected further than the others, thus forming an 
energy-loss spectrum in the dispersion plane. An energy slit can be used to select 
only a certain wavelength of electrons to pass through. This can allow energy 
filtered imaging using EELS and to obtain elemental distribution maps. 
 
2.3.3 In situ environmental transmission electron microscopy 
The nano-characterization performed using the TEM generally provides 
information about the specimen under high vacuum (~ 10-6 to 10-10 Torr) 
condition [17]. One drawback of this technique is that dynamic changes in the 
materials under specific conditions of temperature, pressure and gas environment 
cannot be studied. In situ electron microscopy was thus developed in order to 
enhance the fundamental understanding of materials phenomena [17]. Earlier in 
situ microscopy was limited only to mechanical straining of metal foils to observe 
the movement of dislocations, and to in situ heating to observe phase changes in 
materials on an atomic scale [17]. In situ environmental transmission electron 
microscope (ETEM) was developed in order to observe the dynamic changes in 
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materials under reaction conditions on an atomic scale. Thus structural, 
morphological and phase changes could be studied in a desired gas environment 
with precise control over temperature and gas pressure. 
The in situ ETEM not only allows us to observe, image and record nano 
scale events in real time but to also evaluate structure-property relationships in 
materials. ETEM has been successfully used in studying nucleation and growth 
mechanisms in metal particles [18], carbon nanotubes [19] and Si nanowires [20, 
21]; redox processes in ceria and ceria-zirconia [22], and in situ catalysis of 
various metal catalysts [23-25]. Recently, in situ redox processes in Ni-YSZ 
anodes for solid oxide fuel cells has been reported by Jeangros et al [26]. Such 
studies can provide invaluable information about materials behavior under 
reaction conditions and which can be used to correlate material’s performance in 
real applications. 
Since, the TEM column is generally kept under high vacuum in order to 
avoid scattering of the beam electrons from the gas molecules and to increase life 
of the electron gun, the use of gases in the TEM requires the gas to be confined in 
the specimen region. This is achieved by using either a windowed cell or 
differential pumping system equipped with apertures. In a windowed cell, the 
sample is enclosed between two electron transparent thin films like amorphous 
carbon. The gas is introduced through thin tubes running inside the specimen 
holder rod. Windowed cells have been successfully used for in situ observations 
of liquid-solid interactions in many systems [17]. However, the use of windowed 
cells generally leads to poor image resolution and differential thermal expansions 
  45 
of the windows, the sample and the gas. The differential pumping system is 
generally preferred over the windowed cell. This system consists of a modified 
TEM column design, where in the gas is confined to the specimen region by the 
use of apertures. Column evacuation is achieved by a multi-stage pumping by the 
use of turbo molecular pumps (TMP). The advantage of this type design is that it 
allows high tilt angles for the specimen holders to orient the crystalline particles 
along the zone axis. 
 In situ nano-characterization for this research was performed in an FEI 
Tecnai F20 field-emission TEM, operating at 200 kV. Figure 2.11 shows a 
photograph of this ETEM which is installed at the John M. Cowley center for 
high resolution electron microscopy at Arizona State Univerity. This microscope 
can operate in a regular TEM or STEM mode and has a Scherzer resolution of 
0.24 nm, an information limit of 0.14 nm and spherical aberration coefficient of 
1.2 mm [27, 28]. It is equipped with Gatan annular dark field (ADF) STEM 
detector to perform STEM imaging and STEM/EELS line profiles. It is also 
equipped with a Gatan® imaging filter (GIF) system to perform EELS and energy 
filtered imaging.  
 This ETEM can handle gas pressures up to 8 Torr which is made possible 
by the differential pumping system. The schematics of the differential pumping 
system are shown in Fig. 2.12. Differential pumping apertures of size 100 µm are 
fitted onto the bores of the upper and lower pole-pieces of the objective lens. 
Region between the apertures is evacuated using a magnetic-levitation (Mag-Lev) 
turbo molecular pump so as to allow negligible gas leakage past the second set of 
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apertures. This allows the gas to be confined in the specimen region and the 
desired gas pressure can be maintained. The region between the condenser 
aperture and the viewing chamber is evacuated using a molecular drag pump to 
pump put the residual gas. This allows the gun region to be under high vacuum 
conditions hence protecting the gun. A third stage evacuation between the 
condenser aperture and the gun chamber is done by an ion pump thus improving 
the gun vacuum even further. The differential pumping system in the ETEM thus 
allows gas pressures upto 8 Torr while maintaining the high-resolution capability 
[29, 30]. Gases like, N2, O2, CO, H2, CH4, acetylene etc., can be used in this 
ETEM. Although maximum of 8 Torr gas pressures can be used in the ETEM 
column, the maximum pressure for a particular gas depends on its diffusivity. H2 
gas pressures of up to 2 Torr under reaction conditions could be used in our 
experiments without damaging the field emission gun. 
 For heating the sample, a Gatan® double tilt heating holder (hot-stage) 
was used. A schematic drawing of this hot-stage is as shown in Fig. 2.13. It 
consists of an inconel furnace into which the sample can be secured using inconel 
washers and hex-ring. A maximum temperature of 900 °C in vacuum can be 
attained with this hot-stage. In the presence of gases, the maximum temperature 
varies with the type of gas and the gas pressure, as different gases have different 
thermal conductivity. For our experiments using H2, a maximum of 800 °C at 2 
Torr gas pressure was attained. This is because the thermal conductivity of H2 is 
around 1684 Wm-1K-1, which is much higher than most other gases. For example, 
the thermal conductivity of N2 and O2 are 243 Wm
-1K-1and 244 Wm-1K-1 
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respectively. The hot-stage also has a water circulation system to cool the O-ring 
region of the sample rod, when the temperature in the furnace is increased beyond 
500 °C. 
 
2.4 TEM sample preparation 
2.4.1 Nanopowder TEM sample preparation 
 TEM samples for general characterization were prepared by dispersing the 
nanopowder in ethanol. The suspension was ultrasonicated for 15 minutes to 
break the agglomerates. A drop of the suspension was placed onto a 3 mm holey 
carbon grid and was held in air to allow the ethanol to evaporate. This was 
followed by placing the samples under a heat lamp to drive off any residual 
moisture and adsorbates on the grid. Samples for in situ experiments were 
prepared by a dry loading technique, in which the powder was loaded onto a Pt 
grid. The nanopowder was first crushed gently between two glass slides to break 
the agglomerates. A 3 mm Pt grid of 200 mesh size was pressed on this powder to 
load the powder which sticks to the grid-bars due to electrostatic forces. Pt was 
used because it is a noble metal and is chemically inert to most reactions. At the 
temperatures used, Pt diffusion is extremely low as these temperatures are well 
below the Tammann temperature (≈ 0.5Tm.p) of Pt. However, Pt can catalyze 
hydrogen dissociation and hence care was taken to obtain data from nanoparticle 
clusters far from the grid-bars. It is worth noting that upon heating the sample to 
the desired temperature, substantial drift is generally observed which can result in 
faulty data acquisition. This is due to the differential thermal expansion of various 
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components in the sample-furnace system (Pt grid, inconel washers and hex-rings, 
sample, etc.). Sufficient time was thus allowed to reach thermal equilibrium 
before collecting data. 
 
2.4.2 Dimple grinding and ion milling 
Dimple grinding and ion milling technique was used to prepare TEM 
samples from the sintered materials. These techniques involve mechanical 
polishing of a thin disk of the sintered material followed by polishing using an ion 
beam. Figure 2.14 shows a schematic illustration of these two techniques. A 3 mm 
diameter disk was first cut from the sintered sample using an ultrasonic disc 
cutter. The disk was then mounted on a Pyrex® stub using Crystal bond® wax. 
Initial polishing of the sample was performed on an 800 grid sand paper where the 
thickness was reduced to 100 µm. Thickness of the piece was monitored using a 
micrometer gauge combined with an optical microscope. This system works on 
the principle of relative heights of the specimen that is brought to focus in the 
microscope. For example, a flat surface near one edge of the Pyrex® stub was 
taken as the reference and the micrometer gauge was set to zero. After this the 3 
mm disc of the sample was brought to focus and the micrometer reading was 
noted. This method gives a thickness estimate with an error of +/- 20 µm.  
After the initial mechanical polishing, dimple grinding of the sample was 
performed on a Gatan® dimple grinder. A copper wheel was initially used to 
reduce the thickness in the dimpled region of the sample to 20 µm. This was 
followed by fine polishing using a cloth wheel to reduce the thickness even 
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further. A continuous monitoring of the sample thickness was done during this 
process. Visual check of sample thickness could be made by observing the sample 
in transmitted light in the optical microscope. Thin dimpled region of the sample 
transmitted more light than the rest of the sample. Dimple grinding and polishing 
was stopped when the thickness of the dimpled region is approximately between 5 
µm to 10 µm 
Ion milling of the dimpled sample involves polishing the sample using a 
beam of Ar ions. The right hand side of Fig. 2.14 shows a schematic illustration of 
the ion milling process. After hitting the specimen surface, the high energy ion 
beam sputters the material form the surface, thereby eroding the region in contact 
with the beam. The sample is generally rotated to obtain a uniform thickness in 
the thinned region. Ion milling was performed in a precision ion-polishing system 
(PIPS®, Gatan Inc.), Fig. 2.15. This system is equipped with two Ar ion beam 
guns for top and bottom milling.  Sample was loaded onto a PIPS holder which 
was mounted on the cold stage in the PIPS. After evacuating the air-lock 
chamber, the sample was lowered into the milling area where it was allowed to 
cool to liquid nitrogen temperatures (around -172 °C). This was done in order to 
reduce overheating of the sample during high energy ion-milling. The sample was 
allowed to equilibrate at this temperature before starting the milling. An initial 
gun angle of 8 degrees each for the lower and upper gun was used and the milling 
was performed at 4 keV beam energy for 2 to 3 h. For final polishing, the beam 
energy was reduced to 2 keV and the top and bottom gun angles were lowered to 
4 degrees and the sample was milled for another 10 mins. This step also allows 
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cleaning of the amorphous material that might form around the thinned region. 
Amorphization during the ion-milling can take place due to the highly energetic 
ion beam interacting with the specimen. Hence, beam energy is generally kept 
low, however, that increases the turn around time of the sample preparation due to 
slow milling. 
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Figure 2.1. Plot of calculated value of sinθ vs measured value of θ from the XRD 
data, (adapted from [4]). 
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Figure 2.2. Schematics of the Setaram TG-92 thermogravimetric analysis system. 
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Figure 2.3. Temperature profile used for the TGA analysis. 
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Figure 2.4. Layout of the various components of a basic transmission electron 
microscope [31]. 
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Figure 2.5 Schematic representation of phase contrast high resolution image 
formation in the TEM. 
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Figure 2.6. Schematic representation of diffraction pattern formation in the TEM. 
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Figure 2.7. Schematics of Z-contrast image formation in scanning transmission 
electron microscope. 
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Figure 2.8. (a) A classical view of elastic scattering (electron A after interacting 
with the nucleus) and inelastic scattering (electron B after interacting with atomic 
electron C), and (b) quantum view of inelastic electron scattering (core electron C 
is excited from the K-shell to an empty state in the conduction band above Fermi 
level, EF); adapted from [15]. 
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Figure 2.9. Example of some possible edges due to inner-shell ionization ad their 
associated nomenclature (adapted from [5]). 
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Figure 2.10. (a) Photograph of the Gatan imaging filter (GIF) for EELS data 
collection, and (b) schematics of the GIF system (adapted from [32]). 
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Figure 2.11. FEI Tecnai F20 environmental transmission electron microscope 
(ETEM) at John M. Cowley center for high resolution microscopy, Arizona state 
university. 
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Figure 2.12. Schematics of the differential pumping system in the ETEM column 
showing mutli-level pumping. 
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Figure 2.13. Schematic drawing of the Gatan® Inconel double-tilt hot-stage used 
in the ETEM (adapted from [32]). 
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Figure 2.14. Schematics of TEM sample preparation using dimple grinding and 
polishing followed by ion-milling. 
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Figure 2.15. Precision ion polishing system (PIPS®, Gatan. Inc.) at Arizona State 
University, used for ion-milling NiO-GDC TEM samples (adapted from [32]) 
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Chapter 3 
SYNTHESIS OF NANOPARTICLES BY SPRAY DRYING 
3.1 Introduction  
 Nanoparticles, i.e. particles with size in the range of a few nanometers and 
100 nm are desired for many potential applications in the electronic, 
pharmaceutical, chemical, aerospace and automotive industries. The main reason 
for such a vast interest in nanoparticles is because their physical and chemical 
properties are remarkably different than the bulk. In the automotive industry, 
nanoparticles have been widely used in catalytic convertors as three-way 
catalysts, oxygen sensors, fuel cell catalysts etc. as the high surface area of the 
nanoparticles ensures higher activities for chemical reactions involved.  
For solid oxide fuel cell (SOFC) applications, where the processing of 
individual components almost always requires higher temperatures (~1300 °C to 
1500 °C), the properties of the starting materials can play an important role. 
Higher surface area particles have been shown to possess a lower sintering 
temperature than the micrometer sized starting powders [1-3]. Although particle 
coarsening is inevitable by the high temperature heat treatments, and the 
individual components of an SOFC show bulk behavior, the use of starting 
powders with nanometer sized particles can significantly lower the processing 
temperatures. This is especially beneficial in the case of the electrolyte 
component, where a highly dense and thin ceramic membrane is required. 
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3.2 Choice of synthesis technique 
Various techniques can be employed to synthesize nanoparticles of pure 
and mixed rare-earth oxides used in solid oxide fuel cells. These techniques range 
from flame synthesis [4, 5], sol-gel processing [6], homogenous precipitation [7], 
hydrothermal synthesis [8, 9], mechano-chemical synthesis [10], microwave 
assisted synthesis [11], sonochemical synthesis [12], etc. Each of these synthesis 
techniques has specific advantages over the others. However, the choice of 
synthesis technique depends on various factors like the cost of the synthesis 
process, product yield, reaction times required, ease of operation, and morphology 
and chemical homogeneity of the synthesized product. Also, it is well known that 
the most desirable state of the synthesized product especially for the case of 
compacting and sintering of the particles would be a powder with unagglomerated 
spherical particles having a narrow size distribution [13]. However, obtaining 
such a product is very challenging and makes the choice of synthesis process even 
more complicated. 
Nanoparticle synthesized via the ‘spray’ route involves spray pyrolysis, 
spray drying, and spray freeze drying [13-21]. All of these methods fall under the 
category of liquid-to-particle conversion, since the starting precursors are usually 
liquid solutions or sols which are dispersed into fine droplets using an atomizer 
and then either decomposed (pyrolysis) or dried (spray drying and spray freeze 
drying). Within the spray techniques, spray drying is a relatively simple and a 
low-cost process and is thus the choice for the synthesis of nanoparticles in this 
research. 
  71 
3.3. The spray drying technique 
 ‘Spray drying’ is the transformation of a precursor from a liquid state into 
a dried particulate form by spraying the precursor into a hot drying medium which 
is usually air [22]. The basic principle of the spray drying process has been 
outlined in the schematic diagram shown in Fig. 3.1. A liquid precursor, usually 
an aqueous solution is first dispersed into micron sized droplets (shown by light 
blue circles in the schematic) by an atomizer. Each of these droplets consists of a 
large number of solute ions as shown as purple circles in Fig. 3.1. As the solvent 
from the droplet evaporates, a supersaturated salt solution is formed along with 
the nucleation sites for solute crystallization. As the drying proceeds, solute 
diffusion to these nucleation sites takes place and a solid particle is formed [23, 
24]. Ideally, one product particle should be generated from one droplet of the 
solution being atomized. This depends on the concentration of the precursor 
solution and the size of the droplets. A micron sized droplet would generally 
result in a nanoparticle aggregate because of multiple nucleation sites in the super 
saturated salt solution formed as the droplet dries [23, 24]. Additional aggregation 
between agglomerates may occur due to electrostatic interaction arising from 
charge on the primary liquid droplets leaving the spray nozzle. The shape and the 
morphology of the product particles depend on the fundamental mechanism of the 
drying process i.e., the interaction of the liquid droplets with the drying medium 
[25-27].  
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3.4 Spray dryer design and construction 
 A laboratory-scale spray drying set-up was designed and constructed for 
the synthesis of nanoparticles of pure and mixed rare-earth oxides of ceria as well 
as pure nickel oxide. Each component of the spray dryer was selected or designed 
based on the requirements of the processes taking place during spray drying. The 
complete process of spray drying consists of a sequence of four steps: dispersion 
of the precursor, mixing of spray and drying medium, removal of moisture, and 
separation of the product and air. Each of these processes and the design or 
selection of the spray dryer part is as described in the following sections. 
 
3.4.1. Dispersion of the precursor 
The dispersion of the liquid precursor can be achieved by using a pressure 
nozzle, a rotary disk atomizer, or an ultrasonic nebulizer. The selection of the 
atomizer type depends on the nature and amount of the precursor to be atomized, 
cost the atomizer, and on the desired characteristics of the dried product. Higher 
the atomization pressure, smaller the size of the droplets generated upon 
atomization. For this research, we used an ordinary air-brush (Richpen® Apollo 
112B) with a 0.2 mm nozzle diameter operated at a maximum 40 psi air pressure 
provided by an air compressor. A picture of the air brush is as shown in Fig. 3.2. 
The spray pattern can be controlled by adjusting the air flow into the nozzle and 
the position of the atomization needle inside the nozzle. For our spray drying 
experiments, we adjusted these parameters to obtain the finest mist of droplets. 
The flow rate of liquid feed was optimized to 0.7 cm3/min making sure solid 
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product is formed almost instantaneously and no excess liquid collects in the 
drying chamber due to over-spraying.  
 
3.4.2. Mixing of spray and drying medium 
Mixing of the atomized droplets with the drying medium (air) is an 
important parameter to be taken into consideration while designing the spray 
dryer. The manner in which the spray contacts the drying air has a significant 
effect on the properties of the dried product since it influences the droplet 
behavior during drying. The spray and the air can be mixed in a co-current (spray 
and air flowing in the same direction), counter current (spray and air flowing in 
opposite directions) or mixed-current (both combined) modes. A mixed-current 
mode was used for spray drying experiments, as this type of mixing gave the best 
drying result.  
The first generation design of the drying chamber is as shown in cross 
section in Fig. 3.3.  It consisted of an 8-inch diameter spherical shell (marked as 
‘a’) made of Pyrex® glass. Pyrex® glass was chosen because of its low cost, 
ability to withstand temperatures as high at 500 °C, and inertness to most 
chemicals. A reaction between the precursor and the drying chamber, especially 
when high temperatures inside the chamber are used, can result in contamination 
of the final product. Hence, the possibility of using metal drying chambers was 
discarded. Although the ideal design of the drying chamber, as used 
conventionally, would be a cylindrical shape with conical bottom, the spherical 
design was chosen because of the following reasons: (a) in the conventional 
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designs, since the sprayed droplets are generally allowed to fall freely (due to 
gravitational force) after atomization, drying of the droplets depends on the 
residence time inside the chamber. Conventional designs thus require extremely 
large vessels, which are not feasible for a laboratory sized set-up; (b) the quantity 
or size of the product desired is very small, and a compact design is desired; (c) 
Mixed-current flow can be easily achieved in a spherical shaped chamber. 
The chamber further consisted of multiple inlet ports through which the 
spray and the drying air can be introduced, as seen in Fig. 3.3. The inlet port for 
the air brush consisted of a 0.5-inch inner diameter opening (marked as ‘b’), 
where the air brush can be inserted and sealed using Teflon® tape to ensure gas 
tightness. For air inlet, glass-to-metal connectors (0.25-inch diameter stainless 
steel bellows sealed with Pyrex® glass tube) were fused onto the drying chamber 
(marked as ‘c’). This was done in order to avoid localized overheating of the 
drying chamber at the air inlet port since the hot air temperatures at the outlet of 
the air heaters can be very high. Multiple inlet ports on the chamber provided 
flexibility in operation and allowed the best configuration for efficient spray and 
air mixing to be deduced. At the bottom of the drying chamber, an outlet was 
provided for excess water collection (marked as‘d’) in case of over spraying. An 
outlet for air-particle suspension was provided near the bottom using a 0.5-inch 
diameter glass tube (marked as ‘e’). Finally, a closed cylindrical protrusion at the 
top was provided solely for clamping purposes (marked as ‘f’). 
The most efficient drying result was obtained when the spray and the air 
met at 90 degrees to each other. This observation was made by inspecting the 
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powder visually for dryness. A second generation design of the drying chamber 
was made with some modifications in order to enhance the drying process based 
on this result. A drawing of the second generation design is as shown in Fig. 3.4. 
Only one inlet port each for the air and the air brush, directed at 90 degrees to 
each other were allowed in this design. An additional exit port (optional) in the 
drying chamber for air-particle suspension was provided in order to have the 
possibility of connecting two cyclone separators at the same time to improve the 
collection efficiency of the system. 
 
3.4.3. Removal of moisture 
 As soon as the liquid droplet comes in contact with the drying air, the 
water in the droplet dries quickly and the solid product is formed as explained 
earlier in section 3.1.1. Since this process involves rapid heat and mass transfer, 
efficient drying and the crystallization of the solid product depends on the 
temperature of the drying air. We used a hot-air tool (Osram Sylvania®, USA), 
operating at 1500 W power, equipped with a built-in thermocouple and capable of 
heating air to 760 °C. A drawing of the heat gun is as shown in Fig. 3.5. The heat 
gun consists of heating elements sealed inside a stainless steel tube of 0.81-inch 
diameter and 8.88-inch effective length. It was attached to the metal end of the 
glass-to-metal connector (mentioned in the previous section) using a stainless 
steel reducer. The reducer consisted of a single piece of stainless steel machined 
to produce 0.25- inch diameter bore on end (where the steel bellows can be 
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connected) and 0.81-inch diameter bore on the other end (where the heat gun can 
be connected).  
Cold air was fed from one end of the heat gun and heated air was obtained 
at the other end, after heat transfer from the internal heating elements of the heat 
gun. The final temperature of the outlet air depends on the heating element current 
and the flow rate of the air. A digital temperature controller was used to vary the 
current flowing through the heating element and to read the temperature. Air was 
provided by an air compressor (Porter Cable®, 150 psi, 6 gallon tank capacity) 
and was dried using a moisture trap attached to the outlet of the air compressor. 
This was necessary as moist air can damage the heating element of the heat gun. 
Air pressure was maintained at 10 psi with a flow rate between 1.5 scfm to 3 
scfm. With these flow rates and a safe heating element current, a maximum air 
temperature of 350 °C at the center of the drying chamber was obtained. It was 
observed that lower flow rates resulted in better drying of the droplets, as it 
increased the residence times of the droplets inside the drying chamber.  
 
3.4.4. Separation of the product and air   
Separation of the solid product particles formed after drying is the next 
important step in spray drying. This was achieved by using a cyclone separator, 
the first generation design and a schematic diagram is shown in Fig. 3.6 and Fig. 
3.7, respectively. As seen in Fig. 3.6, the cyclone consists of an upper cylindrical 
body (marked as ‘a’), a conical section at the bottom (marked as ‘b’) with an 
opening for solid product collection (marked as ‘c’), an inlet for air-particle 
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mixture (marked as ‘d’), and an outlet for clean air exit (marked as ‘e’). The 
cyclone was also constructed out of Pyrex® glass due to the same reasons 
mentioned in section 3.4.2. The basic principle of solid-air separation in the 
cyclone is as follows: the air-particle suspension after exiting the drying chamber 
is made to enter the cyclone cylindrical body tangentially. This results in a sudden 
change in the velocity and direction of the air which then assumes a circular 
motion. Due to the centrifugal force experienced by the particles as the air spins, 
the particles get separated from the air stream and fall down or stick to the 
cyclone walls. As the air enters the lower conical section of the cyclone, the air 
pattern converges into a spiral at the tip of which the air changes direction once 
again and rises vertically upwards and exits through the central tube. The solid 
particles are collected at the bottom of the cyclone in a tube collector. The 
collection efficiency of the cyclone separator was found to be around 90%. 
In the second generation design of the cyclone separator, the following 
changes were made: (a) the overall size of the cyclone was increased, (b) inlet 
tube d was made to attach tangentially in a more accurate way, and (c) the length 
of the conical section was increased in order to increase the collection efficiency. 
Two-dimensional drawing (top view and front view) and a picture of the second 
generation cyclone are as shown in Fig. 3.8 and Fig 3.9, respectively. Finally, 
each of the parts described above were assembled to make the complete spray 
drying set-up, the picture of which is shown in Fig. 3.10(a). A schematic diagram 
illustrating the whole assembly and the process flow in the spray dryer is shown 
in Fig. 3.10(b). 
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3.5 Precursors 
3.5.1 Precursor selection 
 The choice of precursor depends on the decomposition temperatures and 
solubility of the precursor salts selected. The decomposition temperature of the 
salts should be as low as possible as subsequent high temperature heat treatments 
could then be avoided. High solubility of the salts is desirable as solubility can 
play and important role in the chemical homogeneity of the final product. This is 
because if the different components in the solution precipitate at different times 
and at different rates, phase segregation can occur resulting in an inhomogeneous 
product. Also, the solvent used should have low flash point in order to avoid a 
combustion reaction in the drying chamber. 
 
3.5.2 Compositions prepared 
The spray dryer was used to synthesize pure ceria as well as doped 
compositions of ceria. Praseodymium doped ceria at doping levels of 3 mol%, 10 
mol% and 20 mol% were prepared. One composition of 20 mol% gadolinium 
doped ceria was also synthesized. Nickel oxide powder to be used for the SOFC 
cermet anode was also synthesized using the spray dryer. The list of compositions 
prepared and the short name given for each composition has been listed in table 
3.2 and each composition will be referred according to that nomenclature hence 
forth. 
Cerium nitrate hexahydrate (Ce(NO3)3.6H2O),  praseodymium nitrate 
hexahydrate (Pr(NO3)3.6H2O),  gadolinium nitrate hexahydrate (Gd(NO3)3.6H2O) 
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and nickel nitrate hexahydrate (Ni(NO3)2.6H2O), each with 99.999% purity 
(metals basis) were obtained from Alfa Aesar®, USA. Pre-calculated amounts of 
these powders were first weighed and dissolved in Nanopure® water in 
appropriate ratios to result in the desired nominal compositions as listed in table 
3.2 after synthesis. To ensure good dissolution, the solution was stirred for 30 min 
to 40 min using a magnetic stirrer. Concentration of the starting solutions was 
kept at 0.05 M. The mixed solution was then used as the feed for the spray dryer, 
sprayed using the air brush and dried with hot air flowing at 350 °C inside the 
drying chamber. 
 
3.6 Summary 
 In conclusion, spray drying technique was chosen for the synthesis of 
nanoparticles because of the simplicity in operation and relatively low cost. A 
spray drying set-up was constructed and the design aspects of each of its 
components were discussed in detail. The drying chamber and the cyclone 
separator were constructed of pyrex® glass. An ordinary air brush and a hot air 
gun were used to spray and dry the nitrate precursors in the drying chamber. 
Parameters affecting the quality of the product during spray drying were 
explained. The fundamental mechanism of the spray drying process and the effect 
of precursor solubility limit and decomposition temperature were discussed. 
Compositions prepared for this research using the spray dryer were listed. 
 
 
  80 
References 
[1] Priyatham, T., & Bauri, R. (2010). Synthesis and characterization of 
nanocrystalline Ni-YSZ cermet anode for SOFC. Materials Characterization, 
61, 54-58. 
 
[2] Okawa, Y., & Hirata, Y. (2005). Sinterability, microstructure and electrical 
properties of Ni/Sm-doped ceria cermet processed with nanometer-sized 
particles. Journal of the European Ceramic Society, 25, 473-480. 
 
[3] Xia, C., & Liu, M. (2001). Low-temperature SOFCs based on 
Gd0.1Ce0.9O1.95 fabricated by dry pressing. Solid State Ionics, 144, 249-
255. 
 
[4] Mädler, L., Stark, W. J., & Pratsinis, S. E. (2002). Flame-made ceria 
nanoparticles. Journal of Materials Research, 17, 1356. 
 
[5] Kammler, H. K., Mädler, L., & Pratsinis, S. E. (2001). Flame synthesis of 
nanoparticles. Chemical Engineering & Technology, 24, 583-596. 
 
[6] Narula, C K., Haack, L. P., Chun, W., Jen, H.-W., & and Graham, G. W. 
(1999). Single-phase PrOy-ZrO2 materials and their oxygen storage capacity: 
A comparison with single-phase CeO2-ZrO2, PrOy-CeO2 and PrOy-CeO2-ZrO2 
materials. Journal of Physical Chemistry B, 103, 3634-3639. 
 
[7] Rojas, T. C. & Ocana, M. (2002). Uniform nanoparticles of Pr(III).Ceria solid 
solutions prepared by homogeneous precipitation. Scripta Materialia, 46, 655-
660. 
 
[8] Tok, A. I. Y., Du, S. E., Boey, F. Y. C., & Chong, W. K. (2007). 
Hydrothermal synthesis and characterization of rare-earth doped ceria 
nanoparticles. Materials Science & Engineering A, 466, 223-229. 
 
[9] Masui, T., Hirai, H., Imanaka, N., Adachi, G., Sakata, T., & Mori, H. (2002). 
Synthesis of cerium oxide nanoparticles of hydrothermal crystallization with 
citric acid. Journal of Materials Science Letters, 21, 489-491. 
 
[10] Tsuzuki, T., & McCormick, P. G. (2004). Mechanochemical synthesis of 
nanoparticles. Journal of Materials Science, 39, 5143-5146. 
 
[11] Yang, H., Huang, C., Tang, A., Zhang, X., & Yang, W. (2005). Microwave-
assisted synthesis of ceria nanoparticles, Materials Research Bulletin, 40, 
1690-1695. 
 
  81 
[12] Yin, L., Wang, Y., Pang, G., Koltypin, Y., & Gedanken, A. (2002). 
Sonochemical synthesis of cerium oxide nanoparticles-Effect of additives and 
quantum size effect J. Colloid Interface Sci. 246 (2002) 78. 
 
[13] Okuyama, K. & Lengorro, I. W. (2003). Preparation of nanoparticles via 
spray route. Chemical Engineering Science, 58, 537-547. 
 
[14] Chow, L. C., Sun, L., & Hockey, B. (2004). Properties of nanostructured 
hydroxyapatite prepared by a spray drying technique. Journal of Research of 
the  National Institute of Standards and Technology, 109, 543-551. 
 
[15] Iskandar, F., Grandon, L., & Okuyama, K. (2003). Control of morphology of 
nanostructured particles prepared by the spray drying of nanoparticle sol. 
Journal of Colloid and Interface Science, 265, 296-303. 
 
[16] Li, Y., Wan, C., Wu, Y., Jiang, C., & Zhu, Y. (2000). Synthesis and 
characterization of ultrafine LiCoO2 powders by a spray drying method. 
Journal of Power Sources, 85, 294-298. 
 
[17] Lyubenova, T. S., Matteucci, F., Costa, A., Dondi, M., & Carda, J. Ceramic 
pigments with sphene structure obtained by both spray- and freeze-drying 
techniques. Powder Technology, 193, 1-5. 
 
[18] Wang, R., Crozier, P. A., Sharma, R., & Adams, J. B. (2006). Nanoscale 
heterogeneity in ceria zirconia with low-temperature redox properties. Journal 
of Physical Chemistry B, 110, 18278-85.  
 
[19] Wu, H. M., Tu, J. P., Yang, Y. Z., & Shi, D. Q. (2006). Spray-drying process 
for synthesis of nanosized LiMn2O4 cathode. Journal of Materials Science, 
41, 4247-4250. 
 
[20] Driescche, I. V., Schoofs, B., Bruneel, E., & Hoste, S. (2004). The effect of 
processing conditions on the properties of spray dried Nd1Ba2Cu3Oy/Ag 
composite superconductors. Journal of the European Ceramic Society, 24, 
1823-1826. 
 
[21] Blennow, P., Chen, W., Lundburg, M., & Menon, M. (2009). 
Characterization of Ce0.9Gd0.1O1.95 powders synthesized by spray drying. 
Ceramics International, 35, 2959-2963. 
 
[22] Masters, K. (1991). Drying of droplets/sprays. In. Spray drying handbook, 
New York: John Wiley & Sons. 
 
  82 
[23] Hetch, J. P., & King, J. (2000). Spray drying: Influence of developing drop 
morphology on drying rates and retention of volatile substance 1. Single-drop 
experiments. Industrial and Engineering Chemistry Research, 39, 1756-1765. 
 
[24] Adhikari, B., Howes, T., Bhan dari, B. R. & Truong, V. (2000). 
Experimental studies and kinetics of single drop drying and their relevant in 
drying of sugar-rich foods: A review. International Journal of Food 
Properties, 3(3), 323-351. 
 
[25] Cao, X. Q., Vassen, R., Schwartz, S., Jungen, W., Tietz., & Stover, D. 
(2000). Spray-drying of ceramics for plasma-spray coating. Journal of the 
European Ceramic Society, 20, 2433-2439. 
 
[26]. Walton, D. E. (2000). The morphology of spray-dried particles a qualitative 
view. Drying Technology, 18, 1943-1986. 
 
[27] Alamilla-Beltran, L., Chanona-Perez, J. J., Jimenez-Aparicio, A. R., & 
Gutierrez-Lopez, G. F. (2005). Description of morphological changes of 
particles along spray drying. Journal of Food Engineering, 67, 179-184. 
 
 
 
 
 
 
 
 
 
 
  83 
 
Figure 3.1. A schematic illustration of the spray drying process 
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Figure 3.2. Air-brush used for atomization of liquid precursors used for spray 
drying 
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Figure 3.3. First generation design of the drying chamber where, a = Pyrex® 
spherical shell, b = air-brush inlet port, c = glass-to-metal connectors, d = outlet 
for excess water collection, e = air-particle outlet, and f = protrusion for clamping. 
Arrows indicate the direction of air flow. 
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Figure 3.4. Second generation design of the drying chamber. a = Pyrex® 
spherical shell, b = air-brush inlet port, c = glass-to-metal connectors, d = outlet 
for excess water collection, e = air-particle outlet, and f = protrusion for clamping. 
Arrows indicate the direction of air flow. 
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Figure 3.5. Drawing of the hot-air tool. 
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Figure 3.6. First generation design of the cyclone separator (a) top view, and (b) 
front view; a = upper cylindrical body, b = bottom conical section, c = particle 
collection, d = inlet for air-particle mixture, e = clean air exit. Arrows in (b) 
indicate direction of air flow. 
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Figure 3.7. Photograph of the first generation cyclone separator. 
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Figure 3.8. Second generation design of the cyclone separator: (a) top view, and 
(b) front view; a = upper cylindrical body, b = bottom conical section, c = particle 
collection, d = inlet for air-particle mixture, e = clean air exit. Arrows in (b) 
indicate direction of air flow. 
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Figure 3.9. Photograph of the second generation cyclone separator. 
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Figure 3.10. (a) Photograph of the spray drying set-up, and (b) schematic 
illustration of the complete spray drying system. 
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Table 3.1  
Decomposition Temperature and Solubility of Nitrate Precursors. 
Precursor 
Decomposition 
Temperature (° C) 
Solubility in g / 100 ml of H2O 
at 20 °C 
Ce(NO3)3.6H2O 280 234  
Pr(NO3)3.6H2O 465 112 
Gd(NO3)3. 6H2O 275 - 
Ni(NO3)2.6H2O 200 94.2 
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Table 3.2  
List of Compositions Prepared Using Spray Drying 
S. No. Composition Short form 
1. CeO2 CeO2 
3. Ce0.97Pr0.03O2 3PDC 
4. Ce0.90Pr0.10O2 10PDC 
5. Ce0.80Pr0.20O2 20PDC 
6. Ce0.80Gd0.20O2 20GDC 
7.  NiO NiO 
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Chapter 4 
CHARACTERIZATION OF NANOPARTICLES SYNTHESIZED BY SPRAY 
DRYING 
4.1 Introduction 
The aim of this chapter is to discuss the fundamental characterization of 
the materials synthesized by the spray drying technique. The fundamental 
properties of a material depend on its crystal structure, morphology, surface area, 
chemical composition, surface structure, defects etc. of its constituent particles. 
An evaluation of these characteristics is thus important in order to understand 
material behavior under different reaction conditions. Moreover, such an 
evaluation can also provide an insight into the effectiveness of the synthesis 
technique to result in a material with the desired properties. Both macroscopic and 
nano-scale characterization of the materials synthesized by spray drying was 
performed. 
Low magnification TEM images were used to obtain the nanoparticle size 
distributions. High resolution electron microscopy (HREM) was used to 
investigate the morphology of the nanoparticles. Information about the 
crystallinity, predominant crystal surfaces, presence of surface defects, defect 
density, and particle size distribution was extracted from high-resolution TEM 
images. Crystal structure and lattice parameters of the nanoparticles were 
determined using x-ray diffraction. Electron energy-loss spectroscopy (EELS) 
was used to determine the chemical composition of individual nanoparticles of the 
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doped ceria compositions. An EELS quantitative method was developed and has 
been discussed in detail in this chapter.  
 
4.2 Morphology of the nanoparticles 
From the HREM investigation it was found that the product obtained after 
spray drying was not completely crystalline and amorphous regions were 
commonly observed in the high resolution images. Information about the 
crystallinity of a nanoparticle can generally be obtained by observing the presence 
or absence of lattice fringes in their high resolution image. Lattice fringes 
originate due to the phase-contrast produced by the interaction of incident 
electron beam and the diffracting atomic planes in a crystal. In a perfectly 
crystalline particle, lattice fringes with a periodicity equal to the inter-planar 
spacing of the diffracting planes are clearly visible in the high-resolution image. 
However, in an amorphous particle which lacks the long range periodicity in the 
atomic arrangement, lattice fringes are absent and a speckle contrast pattern in the 
image is seen instead.  
Figure 4.1(a) shows a typical high-resolution image of the as-spray-dried 
pure ceria nanoparticles. It is clear from the image that the product obtained after 
spray drying consists of partially amorphous regions which have been marked by 
circles. Presence of amorphous regions in the as-spray dried material was 
attributed to incomplete decomposition of the nitrate precursors during spray-
drying. As mentioned in chapter 3, the maximum temperature reached in the 
drying chamber of the spray dryer was around 350 °C. A heat-treatment step after 
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spray drying was necessary to fully decompose the nitrates to oxides. A 
considerable improvement in crystallinity was observed after heat-treatment of 
the same sample at 700 °C for 2 h in air. No amorphous regions were seen as 
evident from a typical high-resolution image of the heat-treated nanoparticles, 
Fig. 4.1(b).  Each composition was thus given a post spray drying heat treatment 
at 700 °C for 2 h in air in order to obtain highly crystalline nanoparticles. 
However, after the heat treatment of the spray dried nanoparticles a 
change in particle morphology was observed. Figure 4.2 shows a high resolution 
image of the spray dried 10PDC nanoparticle aggregate. The aggregate consists of 
randomly oriented nanoparticles, exhibiting two most stable surfaces of ceria, i.e 
{111} and {200} [1]. The lattice fringe spacing observed for these two families of 
planes is 0.31 nm and 0.27 nm respectively [JCPDS 34-394], and has been 
marked on two typical nanoparticles exhibiting these in Fig. 4.2. After heat-
treatment of the same sample at 700 °C for 2 h in air, formation of a number of 
pit-like defects on the surface of the nanoparticles was seen. A typical example of 
such a nanoparticle is shown in Fig. 4.3(a). These pit-like defects were 
constructed from the {111}-facets of ceria as evident from the lattice fringe 
spacing of 0.31 nm between the {111} planes and an interfacial angle of 70.53° 
which also exists between two {111} surfaces. A few of these defects have been 
marked in the high resolution image by parallelograms, indicating the same 
geometry as the stepped edge of the nanoparticle. A fast Fourier transform (FFT) 
of the region marked with a square box in the Fig. 4.3(a) is shown in Fig 4.3(b). A 
detailed analysis of the FFT revealed that the high resolution image consisted of 
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fringes originating not only from {111} planes of ceria (0.31 nm) but also from 
{200} planes (lattice fringe spacing of 0.27 nm) and {220} planes (lattice fringe 
spacing of 0.19 nm) measured from the FFT. Also, the inter-planar angles 
measured from the FFT was found to be approximately 54° for the intersecting 
{111} and {200} planes and 35° for the {111} and {220} planes, further 
confirming the presence of these reflections. 
Figures 4.4(a) to 4.4(c) respectively shows examples of nanoparticles from 
a 10PDC sample with pit-like defects in them. Many of these defects were found 
to contain regions where dislocations were present. One typical example is shown 
in Fig. 4.4(d) which illustrates a magnified image of two regions selected in the 
particle shown in Fig. 4.4(c). Arrows in the square region towards the right, point 
to two extra half plane of atoms between the neighboring parallel planes of ceria 
{111}. These extra half planes correspond to a positive and a negative edge 
dislocation. Similar observation can be made in the second square region marked 
in the left hand side of the image.  
The size distribution of these surface defects in the pure ceria, 3PDC, 
10PDC and 20PDC samples were obtained from the TEM image analysis. Surface 
aerial density of the defects in these compositions was obtained by counting the 
number of defects in a selected area of 10 nm x 10 nm in all images. Figures 
4.5(a) to 4.5(d) respectively show the defect size distribution in these four 
compositions. It was found that the average defect size in pure ceria was around 
2.1 nm ± 0.1 nm (with a standard deviation of 0.7 nm) and the surface aerial 
density was around 1 x 10-1 defects/nm2 (taking into consideration the entrance 
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and exit surface of the nanoparticle). In the PDC compositions, the average defect 
size and surface aerial density respectively, was around 2.9 nm ± 0.1 nm (with a 
standard deviation of 0.9 nm) and 1.2 x 10-1 defects/nm2 for 3PDC; 2.6 nm ± 0.1 
nm (with a standard deviation of 0.6 nm) and 1.2 x 10-1 defects/nm2 for 10PDC; 
and 2.5 nm ± 0.1 nm (with a standard deviation of 0.6 nm) and 1.2 x 10-1 
defects/nm2 for the 20PDC composition. 
These results indicate that the nanoparticles obtained after heat-treatment 
consisted of a number of surface defects, which were approximately of the same 
size and had the same surface aerial density irrespective of the composition. The 
as-spray dried product however, did not possess such surface defects. Possible 
mechanism of the surface defect formation upon heat-treatment can be explained 
on the basis of surface energy argument. The nanoparticles obtained after spray 
drying possess a high surface area, and hence high surface energy. At high 
temperature, there is a strong driving force to lower the surface energy which 
takes place by particle growth resulting in a decrease in surface area. A spray-
dried nanoparticle aggregates, like the one shown previously in Fig. 4.2 transform 
into larger particles with highly stepped surfaces consisting predominantly of 
{111} facets. The (111) surface of ceria has been found to be the most stable 
surface with a surface energy of 1.707 J/m2 in the un-relaxed state which can 
further lower to 1.195 J/m2 after relaxation [1]. Such an observation has also been 
made in the case of CeO2 colloidal particles [2, 3], which exhibited high surface 
area after preparation and a highly stepped surface with {111}-facets was formed 
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upon annealing at 500 °C. Moreover dislocations were also observed in these 
crystals. 
 
4.3 Particle size distributions 
 The particle size was determined using TEM image analysis. A number of 
low magnification images were taken from random parts of the specimen. Then 
the sizes of 200 to 300 particles were measured using the DigitalMicrograph® 
software. The data was then plotted in histogram form to obtain the particle size 
distribution for each composition. Figure 4.6(a) and 4.6(b), respectively show a 
typical low magnification TEM image of pure ceria before and after heat-
treatment at 700 °C for 2 h used for particle size analysis. The average particle 
size before heat treatment was found to be 7.0 nm ± 0.1 nm (with a standard 
deviation of 2 nm) and increased to 17.0 nm ± 0.4 nm (with a standard deviation 
of 6 nm) as seen from the particle size distributions shown in Fig. 4.7 (a) and 
4.7(b), respectively.  
 The particle sizes of the doped compositions of 3PDC, 10PDC, 20PDC 
and were found to be slightly higher than pure ceria. Figures 4.8(a) to 4.8(c) 
respectively show the typical low magnification TEM images of these 
compositions after heat-treatment at 700 °C for 2 h. Corresponding particle size 
distributions are shown in Figs. 4.9(a) to 4.9(c). As seen in the histograms, the 
average particle size for both 3PDC and 10PDC compositions was 22.0 nm ± 0.4 
nm (with a standard deviation of 7 nm), Fig. 4.9(a) and 4.9(b), respectively. 
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Average particle size for the 20PDC composition was slightly higher and was 
around 33.0 nm ± 0.5 nm (with a standard deviation of 9 nm), Fig. 4.9(c).  
Figure 4.10(a) and 4.10(b) respectively show the low magnification TEM 
image and particle size distribution for the 20GDC composition after heat-
treatment at 700 °C for 2 h. The average particle size of the 20GDC composition 
was found to be much higher than pure ceria and the PDC compositions and was 
around 42.0 nm ± 1.0 nm (with a standard deviation of 14 nm) as seen in Fig. 
4.10(b). The particle size distributions for the GDC samples were much wider as 
compared to both pure ceria and the PDC compositions. NiO nanoparticles were 
also synthesized by spray drying (starting component material for Ni-20GDC 
cermet anode). Heat-treatment in air at 500 °C for 4 h resulted in an average 
particle size around 89 nm ± 4 nm (with a standard deviation of 58 nm). Low 
magnification TEM image and the particle size distribution for this sample are as 
shown in Fig. 4.11(a) and 4.11(b), respectively. A bimodal distribution was 
observed for the NiO nanoparticles. 
 
4.4 Crystal structure  
 The crystal structure of the nanoparticles was determined by x-ray 
diffraction (XRD) using a Rigaku® D/Max-IIB diffractometer utilizing Cu Kα 
radiation (λ=1.5406Å). Powder sample was sprinkled onto a zero background 
quartz plate with a pre-applied thin layer of petroleum jelly to secure the powder. 
The data was collected over a 2-theta range of 20° to 100° and a step size of 
0.02°. Figure 4.12 shows the XRD patterns of pure ceria and the PDC 
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compositions (3PDC, 10PDC, and 20PDC) calcined at 700 °C for 2 h. A fluorite-
like cubic crystal structure was obtained for both pure ceria and the PDC 
compositions, in accordance with the x-ray powder diffraction file (JCPDS 34-
394). The inset in Fig. 4.12 shows a peak-shift to lower 2-theta angles observed 
for the (331) and (420) Bragg reflections in the PDC samples as compared with 
pure ceria. The peak shift indicates the incorporation of the Pr dopant into the host 
ceria lattice along with a change in the lattice parameter.  
Lattice parameters were calculated using a least-squares fitting procedure 
in the JADE® 9.0 software. The calculated value of the lattice parameter of pure 
ceria was found to be 0.5409 nm ± 0.00003 nm, which is smaller than the value 
reported in literature of 0.5411 nm ± 0.00001 nm (JCPDS 34-394). Figure 4.13(a) 
shows the change in lattice parameter of PDC with increasing Pr concentration for 
samples calcined at 700 °C for 2 h. It was found that the lattice parameter 
increased with Pr concentration in ceria where it seemed to follow a Vegard’s 
type behavior up to Pr concentration of 0.10 (10 mol %). The 20PDC composition 
however, seemed to deviate from this linearity. The increase in lattice parameter 
with Pr concentration is an indication that most of the Pr ions were present in 3+ 
oxidation state (ionic radii of eight-fold coordinated Pr3+ is 0.1126 nm as 
compared to 0.097 nm for Ce4+ [4]. The observed trend in lattice parameter 
change with composition is in agreement with that reported by Shuk etl. [5], 
Sadykov et al [6], and Borchert et al [7], where the samples subjected to low 
temperature heat-treatment were found to obey Vegard’s law owing to the 
presence of the larger Pr3+ ions. However, an opposite trend was observed by 
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Nauer et al [8] and Takasu et al [9], where the lattice parameter was found to 
decrease with increasing amount of doping. The discrepancy can be explained 
based on the fact that the valence state of Pr can vary according to the type of 
heat-treatment given to the sample [5]. The findings of Takasu et al. were based 
on the samples sintered in air at 1400 °C and the decrease in lattice parameter was 
associated with the presence of Pr4+ ions.  
The samples were given a high temperature heat-treatment at 1000 °C for 
10 h in order to confirm the above argument. Lattice parameter of pure ceria after 
this high temperature heat treatment was found to be 0.5411 nm ± 0.00003 nm 
which is in close agreement to the value reported in literature. Whereas, the value 
reported with the low temperature heat-treatment was 0.04% smaller than this 
value. Figure 4.13(b) shows the change in lattice parameter of ceria with Pr 
concentration after heat treatment at 1000 °C. Lattice parameter was found to 
decrease with increasing Pr concentration. This observation confirms the 
argument that the lattice parameter in the case of Pr-doped ceria is highly 
dependent on the type of heat treatment given and also agrees qualitatively with 
the findings of Nauer et al. and Takasu et al. The decrease in lattice parameter in 
this case is attributed to the oxidation of Pr3+ ions to Pr4+ at 1000 °C in air (ionic 
radii of Pr4+ ion being 0.096 nm which is slightly smaller than Ce4+ ions (0.097 
nm)).  
Similarly, the 20GDC composition was found to possess a fluorite-like 
cubic crystal structure as evidenced from x-ray diffraction. XRD pattern of 
20GDC heat-treated at 700 °C for 2 h in air is shown in Fig. 4.14. NiO powder 
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heat-treated at 500 °C for 4 h in air was found to possess a rock-salt structure 
(JCPDS 00-047-1049), the XRD pattern of which is shown in Fig. 4.15. 
 
4.5 Composition of doped ceria nanoparticles 
Chemical composition in doped ceria on a macroscopic level can be 
accomplished by a variety of chemical analysis techniques such as molecular 
absorption spectrometry (MAS), x-ray fluorescence (XRF), inductively-coupled-
plasma mass spectrometry (ICP-MS) [10]. However, composition analysis of 
these materials at the nanoscale is a challenge and techniques like energy 
dispersive x-ray spectroscopy (EDS) and electron energy-loss spectroscopy 
(EELS) can be used. EELS analysis not only provides quantitative information 
(elemental composition) but also qualitative information (chemical state of the 
elements) of the samples, and thickness of the specimen in concern. Therefore, 
EELS was used to determine the chemical composition of individual 
nanoparticles of PDC and GDC compositions. 
 
4.5.1 Pr-doped ceria 
The atomic ratio of Pr and Ce in PDC determined using EELS quantitative 
analysis can generally be obtained by using the following equation [11]: 
    
Pr
PrPr
σ
σ
×
×
=
Ce
Ce
Ce I
I
N
N
   (4.1) 
where, NPr/NCe is the atomic ratio of Pr and Ce; IPr and ICe are the integrated edge 
intensities obtained after background subtraction under a certain energy window 
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for Pr and Ce respectively; σCe and σPr are the ionization cross-sections for Ce and 
Pr, respectively. A typical energy-loss spectrum from the mixed oxide of Ce and 
Pr consists of M4,5 edges with M5 and M4 peaks at 883 eV and 901 eV for Ce, and 
931 eV and 951 eV for Pr, respectively as shown in top half of Fig. 4.16. A power 
law background model is generally used to subtract the background from the Ce 
signal [11]. However for Ce and Pr mixed oxides, a considerable overlap between 
the Ce and Pr edges exists and this approach could not be employed to extract the 
Pr signal (see top half of Fig. 4.16).  Moreover, the ionization cross-sections σCe 
and σPr are not well known and therefore, a different approach was developed to 
quantify the Pr/Ce atomic ratio from the energy-loss spectra as described in the 
next section. 
 
4.5.1.1 Ceria baseline 
Energy-loss spectra from pure ceria samples were used to estimate a 
background correction for the Pr signal intensities in the mixed oxide sample.  
Energy-loss spectra from 30 nanoparticles of pure ceria were collected for 
baseline measurements. Two energy windows of size 12 eV (starting at 912 eV) 
and 50 eV (starting at 924 eV) were selected and the background subtracted 
integrated intensities were determined. These windows were designated as A1 and 
A2 respectively, as shown in the bottom half of Fig. 4.16. The windows were 
selected so that in the mixed oxide, the first window lies in the energy range 
containing only the intensity from Ce edge whereas the second window lies in the 
energy range for the Pr-M4,5 edge which overlaps the Ce signal. The Ce-M5 and 
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Ce-M4 peaks (white-lines) were not used for the calculation as the M4,5 peaks 
change their relative heights during reduction of Ce depending on temperature 
and electron dose, and thus may contribute to inconsistencies in the calculation. 
Ratio of A2 and A1, designated as α, was measured from each ceria spectrum 
using the following equation: 
A2 = αA1    (4.2) 
The average value of α was determined to be 3.344 ± 0.023 at room temperature. 
Varation in α with temperature in a H2 environment (Fig. 4.17.) was also 
calculated by performing an in situ reduction discusses in detail in chapter 5. The 
value of α is expected to remain constant and independent of Pr doping. This 
approximation allows us to estimate and remove the contribution of Ce signal that 
lies under the Pr-M4,5 edge in the spectra from the mixed oxides.  
 
4.5.1.2 Pr quantification procedure 
The signal intensities under similar 12 eV and 50 eV energy windows in 
the spectra from the mixed oxide were designated as A'1 and A3 respectively (see 
top half of Fig. 4.16). The region of the energy-loss spectra under the A3 window 
contains a sum of signals from Ce designated as A'2 and Pr-M4,5 edge designated 
as APr. Since the value of α remains constant, A'2 can be calculated by multiplying 
α with A'1 (Eqn. 4.3). 
A'2 = αA'1    (4.3) 
The contribution of Pr can then be calculated by subtracting A'2 from the total 
integrated intensity A3 as: 
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APr = A3 – A'2    (4.4) 
Finally, the Pr/Ce intensity ratio can be determined as follows: 
                                                        Pr/Ce = APr/A'1                                    (4.5) 
Thus, using equation (4.5), the Pr/Ce intensity ratio for each of 40 to 60 
nanoparticles of each composition was calculated. Average intensity ratio, i.e., 
ĀPr/Ā'1 for 3PDC, 10PDC, and 20PDC was found to be 0.299 ± 0.016, 1.119 ± 
0.053, and 2.030 ± 0.080, respectively.  
The cross section ratio, σCe/σPr, needed for Eqn. (4.1), designated as k, was 
calculated using a purely empirical approach. The calculated average intensity 
ratios from each sample were assumed to correspond to the nominal composition. 
These ratios and nominal compositions were then used to back-calculate values of 
k by re-writing Eqn. (4.1) as: 
                                         1
PrPr
'A
A
k
N
N
Ce
=                                            (4.6) 
Values of k calculated for each composition should be identical and were found to 
lie in the range 0.099 < k > 0.123. Median value of k was estimated to be the best 
value and was equal to 0.111 ± 0.007. This value of cross section ratio was then 
used to calculate the absolute concentration of Pr as:  
                                                  1
Pr +
=
x
x
C                                                  (4.7) 
where x = NPr / NCe. The absolute concentration of Pr in 3PDC, 10PDC, and 
20PDC were found to be 0.032 ± 0.002, 0.105 ± 0.003, and 0.181 ± 0.006 
respectively. 
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4.5.1.3 Plural scattering 
The particles size in these samples ranged from 10 nm to 80 nm and it was 
found that plural scattering does affect the composition measurements especially 
for the larger particles. This shows up as an apparent variation in the Pr 
composition with particle size as shown in Fig. 4.18(a). This trend was present in 
the data from all three mixed oxide samples.  In principle, full deconvolution 
methods could be employed to correct for this effect but it is not always 
convenient to record the full range of energy-losses required for these correction 
algorithms [12]. Fortunately, because of the similarity in the shapes of the Ce and 
Pr-M4,5 edges, we can use the thickness dependent variation in the Ce edge to 
determine a plural scattering correction factor for the Pr-M4,5 edge. The primary 
plural scattering effect in these spectra is mainly combined plasmon-inner shell 
double scattering events. In these M4,5 edges, double scattering via plasmon 
excitation transfers intensity from the white line region to a higher energy-loss 
region. This results in a relative loss in the intensity from the threshold region 
with increasing sample thickness. 
For the pure ceria sample this effect can clearly be seen by comparing the 
intensity of the M5 white-line (corresponding to the edge threshold region) to the 
intensity in the A1 window located about 35 eV above the edge threshold. For 
ceria based oxides, there is a strong plasmon peak at about 32 eV energy loss so 
that double scattering events involving plasmon plus M5 white-line excitation 
should transfer intensity from the white line region into the A1 region (see Fig. 
4.16). Figure 4.18(b) shows a plot of the integrated M5/A1 intensity ratio as a 
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function of sample thickness. In the absence of plural scattering, this ratio should 
be constant with thickness. However, Fig. 4.18(b) shows a clear fall in the signal 
ratio with increasing thickness. The trend and magnitude of the effect is similar to 
that observed for the Pr concentration of Fig. 4.18(a) consistent with the 
hypothesis that double scattering is the main contribution to plural scattering in 
this case. (Notice that double scattering has a smaller effect on the intensity in the 
A1 window because intensity is transferred into and out of this window giving an 
approximate net change of zero).   
We can now employ the ceria M5/A1 ratio to derive a thickness dependent 
correction for the Pr-M4,5 edge intensity. We first determine a correction factor 
(essentially just the reciprocal of the fractional drop in Ce-M5/A1 ratio at each 
thickness relative to the value at zero thickness) for the Ce-M5 integrated 
intensity. We assume that the Pr edge is reduced by a similar amount and use the 
Ce-M5/A1 ratio to correct the Pr-M4,5 signal. This plural scattering correction is 
applied to all the spectra recorded from each of the three mixed oxide samples. 
The Pr concentration is plotted as a function of particles size for each sample in 
Fig. 4.19. While there is substantial spread in the composition of individual 
particles, the dependence of composition with particle size has been substantially 
removed.   
 
4.5.1.4 Pr heterogeniety in Pr-doped ceria 
With the quantitative EELS analysis procedures we are now able to 
investigate the compositional heterogeneity of the PDC nanoparticles synthesized 
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by spray drying. It is evident from Fig. 4.20 that substantial compositional 
heterogeneity exists.  To further explore this, the data was plotted in histogram 
form in Fig. 4.20. 
A comparison of the compositional heterogeneity in the three 
compositions was made based on coefficient of variation (CV) in the statistical 
distributions. Coefficient of variation is the ratio of standard deviation to the 
mean, and it allows us to compare two or more statistical distributions. The 
composition histogram for 3PDC is as shown in Fig. 4.20 (a). The average 
composition of the 3PDC sample was found to be 0.035±0.002 with a standard 
deviation of 0.010 and CV equal to 28 %. Similarly, Fig. 4.20(b) and Fig. 4.20(c) 
show the composition histograms for 10PDC (average composition equal to 
0.115±0.005 with a standard deviation of 0.035 and a CV of 30 %) and 20PDC 
(average composition equal to 0.185±0.006 with a standard deviation of 0.043 and 
CV of 24 %) respectively. A comparison of the coefficient of variation for each 
composition indicates that all the samples have approximately the same level of 
heterogeneity.  
Chemical composition of the PDC compositions was also determined 
using inductively-coupled plasma-mass spectrometry (ICP-MS) to validate the 
quantification done using EELS. Pr concentration determined using this technique 
was found to be 0.036 ± 0.003 for 3PDC, 0.115 ± 0.014 for 10PDC and 0.223 ± 
0.013 for the 20PDC sample. These values closely agree with those obtained from 
the EELS analysis. Table 4.1 lists the absolute concentration of Pr in PDC 
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determined using these techniques along with the nominal concentration of Pr in 
each composition. 
 
4.5.2 Gd-doped ceria 
 Gd quantification in 20GDC sample was also performed using a similar 
technique. A typical EELS spectrum of 20GDC sample is as shown in Fig. 4.21. It 
consists of Ce-M4,5 white-lines occurring at 883 eV and 901 eV and Gd-M4,5 
occurring at 1185 eV and 1217 eV.  In this case however, the quantification was 
relatively simple, as there is no overlap in the Ce-M4,5 and Gd-M4,5 edges. 
 
4.5.2.1 Gd quantification  
 A power-law model was used to subtract the background for both the Ce 
and Gd edges. Background-subtracted energy-loss spectrum from 45 different 
nanoparticles of the 20GDC composition was used to quantify the Gd 
concentration in each particle. Integrated signal intensity was measured from the 
Ce and Gd signals using a 100 eV energy window for each. Integrated signal 
intensity ratio of Gd to Ce, i.e., IGd/ICe was then measured from each of the 45 
spectra. Average IGd/ICe was found to be around 0.652 ± 0.018 (with standard 
deviation of 0.120). This average intensity ratio and the nominal Gd/Ce ratio in 
the 20GDC sample was used to calculate the Ce to Gd cross-section ratio, σCe/σGd, 
designated as k in the following equation: 
Ce
Gd
Ce
Gd
I
I
k
N
N
=       (4.8) 
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The value of k calculated from the above equation was 0.383 ± 0.011. This k 
value was then used to calculate the absolute concentration of Gd in the 20GDC 
sample using the following equation: 
1+′
′
=
x
x
CGd       (4.9) 
where x′ = IGd/ ICe for each nanoparticle.  
 
4.5.2.2 Gd heterogeneity 
 Gd absolute concentration, i.e. CGd was calculated using equation 4.9 for 
45 different nanoparticles. The average Gd concentration was found to be around 
0.20 ± 0.01 (with a standard deviation of 0.03). Composition distribution in this 
sample is shown in Fig. 4.22. It is clear that a nanoscale compositional 
heterogeneity exists in the sample, however the average composition is close to 
the nomimal value.  
The variation in the composition of individual nanoparticles of PDC and 
GDC compositions, shows that there are fluctuations in the composition of the 
nanoparticles when spray drying is employed. Assuming that the aqueous solution 
of the precursor salts is homogeneous; these composition variations must arise 
during the spraying and drying process (refer chapter 3 for detail). However, for 
fuel cell applications, the nanoscale powders generated during spray drying 
represent only the starting material which must be subject to further ceramic 
processing involving significant particle sintering. Furthermore, homogenization 
of the composition is expected to take place during ceramic processing of these 
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materials at high temperature. Thus we can conclude that the degree of 
compositional heterogeneity present in the nanoscale materials generated from 
spray drying should be adequate to control the compositional uniformity for 
SOFC electrolyte and anode applications.   
 
4.6 Summary 
 The nanopowders synthesized by spray drying were characterized to 
investigate their properties. Particle size analysis performed by using low 
magnification TEM images revealed nano-sized grains in pure ceria as well as Pr- 
and Gd-doped ceria. Crystal structure of the powders on a macroscopic scale was 
determined by x-ray diffraction, wherein all compositions of doped ceria were 
found to exhibit fluorite-like cubic crystal structure. Crystallinity of the particles 
on a nano-scale was determined by high-resolution TEM imaging, wherein it 
amorphous regions were observed in the spray dried product. Considerable 
improvement in the crystallinity of the nanoparticles was observed after heat- 
treatment at 700 °C for 2 h. The nanoparticles were also found to possess pit-like 
defects of average size 2 nm. These pit-like defects were found to be contructed 
from {111} nano-facets. Average defect density in the nanoparticles was around 1 
x 10-1 defects/nm2 and was found to be independent of composition of the 
nanoparticles. Edge dislocations were also observed in some cases. 
 Macroscopic composition of the samples was determined using ICP-MS, 
while composition of the individual nanoparticles was found by using quantitative 
energy-loss spectroscopy in the TEM. Energy-loss spectrum from pure ceria was 
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used as a baseline to estimate a background subtraction for the Pr-doped ceria 
samples. Average composition of the doped ceria samples was found to be close 
to the nominal values as well as that determined using ICP-MS. Nanoscale 
heterogeneity was observed in all compositions. Coefficient of variation was used 
to compare the heterogeneity in the doped ceria compositions, wherein all 
compositions were found to exhibit approximately equal degree of heterogeneity.  
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Figure 4.1. High-resolution TEM image of pure ceria nanoparticles (a) as-spray 
dried and (b) after heat-treatment at 700 °C for 2 h in air. 
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Figure 4.2. High-resolution image of a nanoparticle aggregate in the 10PDC 
sample after spray drying. 
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Figure 4.3. (a) High-resolution image of a 10PDC nanoparticle showing steps and 
flats constructed from {111}-facets, (b) Fast Fourier transform of the square 
region marked in (a) showing reflections from different lattice planes. 
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Figure 4.4. (a) to (c) high-resolution images of 10PDC nanoparticles heat-treated 
at 700 °C for 2 h in air indicating different morphologies of surface defects with 
arrows pointing to a few typical defects, and (d) high-resolution image of two 
regions from the nanoparticle in (c), showing the presence of edge dislocations 
marked (pointed with arrows) in the defects. 
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Figure 4.5. Surface defect size distribution in (a) pure ceria, (b) 3PDC, (c) 
10PDC, and (d) 20PDC nanoparticles heat-treated at 700 °C for 2 h in air. 
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Figure 4.6. Low magnification TEM images of pure ceria: (a) before and (b) after 
heat-treatment at 700 °C for 2 h in air. 
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Figure 4.7. Particle size distribution in pure ceria nanoparticles: (a) before and (b) 
after heat-treatment at 700 °C for 2 h. 
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Figure 4.8. TEM images of (a) 3PDC, (b) 10PDC, and (c) 20PDC nanoparticles 
after heat-treatment at 700 °C for 2 h. 
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Figure 4.9. Particle size distributions of (a) 3PDC, (b) 10PDC, and 20PDC 
nanoparticles after heat-treatment at 700 °C for 2 h. 
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Figure 4.10. (a) Low magnification image of 20GDC, and (b) particle size 
distribution after heat-treatment at 700 °C for 2 h in air. 
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Figure. 4.11. (a) Low magnification TEM image, and (b) particle size distribution 
in NiO heat-treated at 500 °C for 2 h in air. 
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Figure 4.12. X-ray diffraction patterns of pure ceria and PDC nanoparticles after 
heat treatment at 700 C for 2 h in air. Inset: Observed peak shift for (331) and 
(420) reflection. 
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Figure 4.13. Change in lattice parameter of CeO2 with Pr concentration after (a) 
heat-treatment at 700 °C for 2 h in air and (b) after heat treatment at 1000 °C for 
10 h in air 
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Figure 4.14. X-ray diffraction pattern for 20GDC composition after heat-
treatment at 1000 °C for 20 h in air. 
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Figure 4.15. X-ray diffraction pattern for NiO after heat-treatment at 500 °C for 4 
h in air. 
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Figure 4.16. EELS procedure used to quantify Pr signal in the PDC composition 
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Figure 4.17. Average value of α at different temperatures. 
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Figure 4.18. Pr concentration variation observed in PDC samples before plural 
scattering correction, and (b) change in Ce intensity ratio with particle size 
indicating plural scattering effect. 
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Figure 4.19. Pr concentration variation with particle size after plural scattering 
correction for 3PDC, 10PDC and 20PDC. 
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Figure 4.20. Composition of individual nanoparticles in (a) 3PDC, (b) 10PDC, 
and (c) 20PDC samples. 
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Table 4.1  
Absolute Pr Concentration Determined by EELS and ICP-MS 
Composition 
Nominal Pr 
Concentration 
Pr concentration 
(ICP-MS) 
Pr concentration 
(EELS) 
3PDC 0.03 0.036 ± 0.003 0.035 ± 0.010 
10PDC 0.10 0.115 ± 0.014 0.115 ± 0.026 
20PDC 0.20 0.223 ± 0.013 0.185 ± 0.044 
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Figure 4.21. A typical energy-loss spectrum from a 20GDC. 
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Figure 4.22. Composition of individual nanoparticles of 20GDC composition 
heat-treated at 700 °C in air for 2 h. 
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Chapter 5 
REDUCIBILITY OF Pr-DOPED CERIA NANOPARTICLES 
5.1 Introduction  
The anode of the SOFC is exposed to a reducing environment of the fuel 
such as H2 during its operation. Under such conditions and higher temperatures, 
the ceria-based oxide component of the cermet anode can undergo reduction. 
Cerium undergoes a change in oxidation state from +4 to +3 (from CeO2 to 
Ce2O3) once it is reduced. This process involves the liberation of electrons along 
with introduction of oxygen vacancies in the lattice to maintain charge neutrality 
in the crystal [1]. Upon oxidation, cerium reverts to its +4 oxidation state. It is 
thus possible to continue this change in oxidation state back and forth, giving rise 
to the very well-known redox behavior of ceria [2, 3]. Reducibility of doped ceria 
nanoparticles can be defined as the ease with which Ce can change its oxidation 
state which may depend on a number of parameters like composition, surface area 
of the nanoparticles, oxygen partial pressure, and temperature [4-7]. 
Doped ceria has been found to possess a lower reduction temperature as 
compared to pure ceria [8-10]. This can result in the development of electronic 
conductivity in the ceria based electrolytes which can be detrimental to the cell 
performance [11]. Electronic conductivity however, can have a positive effect on 
the performance of the anode, as it would allow for efficient collection of 
electrons generated during the fuel oxidation (chapter 1, section 1.2.1). For Gd- 
and Pr-doped ceria, it is thus important to investigate the reducibility of the 
nanoparticles with change in temperature, particle size, and composition. It is 
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worth noting that Gd is present in a +3 oxidation state in doped ceria as compared 
to Pr which can switch its oxidation state between +3 and +4. In a reducing 
environment Pr4+ can reduce to Pr3+ at temperatures as low as 200 °C [9, 12]. 
Therefore, the effect of Pr concentration on the reducibility of ceria was first 
investigated. This chapter presents results on the ex situ macroscopic reducibility 
as well as in situ nano-scale reducibility of Pr-doped ceria compositions. 
 
5.2 Ex situ reduction 
 Ex situ reducibility of pure ceria and PDC nanoparticles was characterized 
using thermo-gravimetric analysis (TGA). TGA was performed on a Setaram® 
TG92 system (refer chapter 2, section 2.2.2). Figure 5.1(a) and 5.1(b) respectively 
show the mass-loss and (differential thermal analysis) DTA curves for pure ceria 
and PDC compositions plotted against temperature. Initial mass loss at 200 °C for 
pure ceria represents the mass loss due to moisture removal. In the DTA curve for 
pure ceria, a relatively flat region is seen in Fig. 5.1(b) until around 325 °C, 
indicating minimal mass loss this temperature. In the temperature range of 325 °C 
to around 500 °C small fluctuations in the curve were observed. These 
fluctuations indicate surface reduction effects during which surface oxygen is lost 
due to reaction with hydrogen [15]. A rapid drop in the DTA curve was observed 
after this temperature with a minimum at around 780 °C and a corresponding 
mass loss of 1.28%. This peak corresponds to the reduction temperature 
(generally taken as the temperature of 50% mass loss) of ceria. It is worth noting 
that during the complete reduction of CeO2 to Ce2O3 with a loss in oxygen, the 
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total theoretical mass-loss corresponds to around 4.6%. At the reduction 
temperature however, the mass-loss for this reaction would correspond to half of 
this value, i.e. 2.3%. The observed mass-loss is however, much smaller than this 
value. The exact reasons for this discrepancy are currently not well understood. 
The initial mass-loss at 200 °C in the PDC samples was found to be much 
higher than that observed in pure ceria as seen in Fig. 5.1(a). The mass-loss 
percentage at the reduction temperature for all compositions has been listed in 
Table 5.1. Higher initial mass-loss for the PDC compositions is possibly due to a 
combined mass loss corresponding to moisture removal and the reduction of Pr4+ 
to Pr3+ (during which oxygen is lost from the lattice) which starts at around 200 
°C [9, 12]. A rapid initial drop in the DTA curves can also be seen for these 
compositions and is possibly due to the continuing reduction of Pr4+ to Pr3+ as the 
temperature is increased. This is followed by fluctuations in the curve as in the 
case of pure ceria corresponding to the surface reduction of ceria. A gradual 
decrease in the bulk reduction temperature of ceria with Pr concentration was 
observed and has been plotted in Fig. 5.1(c). These observations are in good 
agreement with earlier reports on PDC [14, 15]. The higher mass-loss percentage 
at the reduction temperature of the PDC compositions is possibly due to the fast 
oxygen uptake and release in PDC as compared to pure ceria [10, 16]. This 
implies that under reducing conditions PDC releases oxygen much faster than 
pure ceria, thus showing higher mass loss due to oxygen removal. Higher Pr 
concentration in PDC has also been found to dramatically increase this effect [10, 
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16], thus explaining the observed increase in mass-loss with Pr concentration in 
the PDC compositions. 
 
5.3 In situ reduction 
 The samples for in situ investigation in the ETEM were prepared by a dry-
loading technique described in chapter 2, section 2.3.1. Ultra high purity (UHP) 
grade, 99.999 % pure H2 gas was used for all in situ experiments. H2 gas was first 
made to flow through a liquid nitrogen column to trap any residual moisture in the 
gas, as it can adversely affect the reduction of ceria (mentioned in detail in the 
next section). The gas was then introduced into a mixing tank. A needle valve was 
used to slowly introduce the gas into the ETEM column. For most experiments 
the pressure of H2 was kept between 0.5 Torr to 1.5 Torr. After obtaining a steady 
state in the gas flow, the sample was heated progressively to the desired 
temperature. High resolution images, selected area diffraction patterns (SAED) 
and EELS were acquired under the desired conditions.  
 
5.3.1 Reduction behavior of pure ceria 
 In situ reduction of the pure ceria sample was first carried out to perform a 
baseline measurement. The EELS technique was used to determine the oxidation 
state of Ce. In the energy-loss spectrum of pure ceria, the Ce-M4,5 ratio, i.e. the 
integrated signal intensity ratio of the Ce-M5 peak to Ce-M4 peak provides a 
direct estimate of the oxidation state of Ce [17]. Figure 5.2 shows the EELS 
spectrum from ceria at two different temperatures. At 200 °C the Ce-M5 peak has 
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a lower intensity than the Ce-M4 peak. Upon reduction of Ce
4+ to Ce3+ ions at 700 
°C in a hydrogen environment, the Ce-M5 and Ce-M4 peaks change in relative 
intensities. This process corresponds to an electronic transition from Ce 3d orbital 
to the empty 4f orbital during reduction which involves a gain in electrons by the 
Ce4+ ions along with the creation of oxygen vacancies when oxygen is lost from 
the lattice [1].  
Energy-loss spectra from a large number of selected areas were collected 
in the temperature range of 25 °C to 800 °C. The Ce-M4,5 (designated as R) from 
each spectrum was calculated. Two energy windows 17 eV in size were selected 
to measure the integrated signal intensity. The energy windows were positioned to 
meet at the minima between the Ce-M5 and Ce-M4 peaks. The lowest value of R 
was found to be around 0.645 corresponding to a fully oxidized state i.e. Ce4+ 
measured at room temperature. The highest value of R in the fully reduced state, 
i.e. Ce3+, was found to be around 0.811 measured at 800 °C in a H2 environment. 
The values of R from the energy-loss spectra collected in the temperature range 
25 °C to 800 °C in H2 were plotted with these two points as a reference. The 
resulting curve is as shown in Fig. 5.3 and can be represented by: 
O = 2.1762R-1.403    (5.1) 
where, O is the oxidation state of Ce and R is the Ce-M4,5 ratio. 
 Figure 5.4 shows the oxidation state evolution in pure ceria measured in 
the temperature range of 25 °C to 750 °C. Each curve in the figure corresponds to 
a nanoparticle cluster which was selected using an aperture while acquiring the 
EELS spectrum in the TEM. The oxidation state at each temperature was 
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calculated using Eq. 5.1 and for the nanoparticle clusters represents an average 
oxidation state for the nanoparticles in the cluster. It is evident from the curve that 
at temperatures around 750 °C ± 25 °C the average oxidation state of Ce is around 
3.40 ± 0.04, indicating that complete reduction of ceria did not take place at this 
temperature. Apparently, the curve appears to be showing a continuous drop in 
the oxidation state. This implies that the oxidation state could be reduced further 
down to +3 by increasing the temperature. However, due to the limitations of the 
hot-stage used for heating the TEM samples, further increase in temperature was 
not possible. However, this observation is in good agreement with the TGA result 
which shows that the reduction temperature of pure ceria is around 780 °C 
(corresponding to 50% mass-loss). As also apparent from the mass-loss curve for 
pure ceria, Fig. 5.1(a), the reduction of ceria continues beyond this temperature, 
indicating that complete reduction of ceria takes place at much higher 
temperatures.  
Upon cooling the sample down to room temperature, complete re-
oxidation of the ceria nanoparticles was observed. This is because of the residual 
oxygen partial pressure in the background gases of the ETEM column. The 
background pressure was found to be around 10-4 Pa. Thermodynamic 
calculations suggest that an oxygen partial pressure of 10-27 Pa is sufficient for re-
oxidation of Ce3+ to Ce4+ at room temperature [1]. This conversion can be 
represented by the following reversible reaction: 
CeO1.5 + 0.25O2 = CeO2    (5.2) 
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The Gibbs free energy for this reaction depends not only on the temperature but 
also on the partial pressure of oxygen in equilibrium with ceria surface. ∆G°298 for 
this reaction is around -172 kJ/mol and the heat of the reaction ∆H°298 is around -
191 kJ/mol [1]. The partial pressure and temperature dependence of ∆G can be 
given by the following equation [1]: 
∆GT = ∆G° – RTln[pO2]    (5.3) 
where ∆GT is the Gibbs free energy change at any temperature T, ∆G° is the 
standard Gibbs free energy change, and pO2 is the partial pressure of oxygen. 
Hence partial pressure of oxygen required to oxidize Ce2O3 to CeO2 can be 
calculated from equation 5.3 at any temperature T, with a known value of ∆GT. 
 ∆GT at any desired temperature can be calculated using the Gibbs-Helmholtz 
equation [18]: 
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where ∆H°(P) is the standard enthalpy change of the reaction and is assumed to 
be constant with temperature.  
Using equations 5.3 and 5.4, ∆G at 400 °C was found to be -148 kJ/mol 
and the corresponding oxygen partial pressure required to oxidize ceria was found 
to be ~10-7 Pa. Since the background pO2 in the ETEM column was much higher 
than this value, reduction of CeO2 to Ce2O3 did not take place at this temperature 
in the ETEM. At 800 °C the value of ∆G was found to be around -123 kJ/mol and 
the pO2 for ceria oxidation was around ~ 10
-1 Pa which is much higher than the 
background pO2 in the ETEM column. Thus it was possible to reduce ceria at this 
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temperature. Upon cooling to room temperature, ceria rapidly re-oxidizes as the 
pO2 value at this temperature is around 10
-27 Pa. Similar calculations can be done 
to predict the pO2 values at all intermediate temperatures and can be correlated to 
the observed oxidation state changes in ceria.  
 
5.3.2 Reducibility of PDC nanoparticles 
 In situ reducibility of individual nanoparticles of PDC was investigated 
under similar reducing conditions as pure ceria. 10PDC nanoparticles were heated 
in an H2 environment in the ETEM to up to 650 °C, which is close to its reduction 
temperature as determined from the TGA. EELS spectra were collected from 
selected individual particles at 200 °C, 550 °C and 650 °C. For spectral collection, 
the electron beam size was adjusted to just cover each single nanoparticle of size 
in the range of 20 nm to 60 nm. The data was collected in TEM mode with 
convergence semi-angles between 1 mrad - 2 mrad and a collection semi-angle of 
8 mrad. Pr quantification from the EELS spectra was performed using the 
procedure described in detail in chapter 4, section 4.5.1. Oxidation of Ce was 
determined using equation 5.1. 
 Reducibility of individual PDC nanoparticles was found to depend on 
particle size and composition. Figure 5.5(a) shows the particle size dependence of 
the oxidation state in the 10PDC composition at 200 °C, 550 °C and 650 °C. It is 
evident from the figure that at 200 °C, the oxidation state of Ce was 
approximately constant throughout the particle size range. Upon increasing the 
temperature to 550 °C, a larger decrease in oxidation state of Ce was observed for 
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smaller particles. This effect was further enhanced after increasing the 
temperature to 650 °C. As seen in the Fig. 5.5(a), oxidation state of Ce in particles 
of size less than 30 nm is considerably lower as compared to the particles of size 
greater than 45 nm. Particle size effect on the reducibility can be explained on the 
basis of high surface area of small particles (less than 30 nm). High surface area 
ceria-based particles have been known to exhibit higher reactivity due to a large 
surface energy associated with them [1]. In addition to that, the loss of bulk 
oxygen requires the migration of oxygen ions to the surface which can take place 
much more easily in small particles as compared to large ones due to smaller 
diffusion length [1].  
 As discussed in chapter 4, section 4.5.1.4 the PDC compositions were 
found to exhibit nanoscale compositional heterogeneity. Composition dependence 
of reducibility was thus investigated to understand the effect of this compositional 
heterogeneity. As seen in Fig. 5.5(b), at 200 °C the oxidation state is 
approximately independent of Pr concentration. At 550 °C, a drop in the oxidation 
state corresponds to reduction of Ce. At this temperature, however, a gradual 
decrease in oxidation state with Pr concentration can be seen, indicating higher 
reducibility of particles with higher Pr concentration. Similar trend was observed 
at 650 °C, where this effect was highly enhanced. For example, a nanoparticle 
with a Pr concentration of 8 mol% was found to exhibit an oxidation state around 
3.7 at this temperature. In contrast, a nanoparticle with Pr concentration around 
12.5% exhibited an oxidation state around 3.0 at the same temperature, thereby 
indicating the higher reducibility. 
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These results are consistent with the TGA data, which indicates that the reduction 
temperature of ceria decreases as the Pr concentration is increased. However, the 
TGA measures the reduction temperature of the material on a macroscopic scale. 
The reducibility of individual nanoparticles can be significantly different and can 
play an important role when the material is used as an SOFC component. For 
example, an inherent heterogeneity in the electrolyte component can lead to 
preferential reduction of grains with slightly higher Pr concentration at lower 
temperatures, thus introducing electronic conductivity in the electrolyte leading to 
decreased fuel cell performance. 
 
5.4 Amorphization upon reduction 
 A change in structure of the nanoparticles was observed for both pure 
ceria and PDC after in situ reduction in H2. The degree of crystallinity in the 
particles was determined by monitoring the visibility of lattice fringes and the 
characteristic speckle pattern associated with an amorphous material, in the high 
resolution images, as explained in detail in chapter 4, section 4.2. Selected area 
electron diffraction patterns acquired from nanoparticle clusters were additionally 
used to estimate the crystallinity of the particles by observing the nature of 
diffraction spots.  
High-resolution images of a pure ceria nanoparticle acquired at 200 °C in 
vacuum and after in situ reduction in hydrogen at 700 °C are shown in Fig. 5.6. 
The crystalline nature of the particle shown in Fig. 5.6(a) is obvious from the 
presence of the characteristic 0.31 nm lattice fringes corresponding to CeO2 {111} 
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planar spacing. Additional confirmation of the crystalline nature of ceria 
nanoparticles is provided by the observation of sharp diffraction spots in the 
selected area electron diffraction (SAED) pattern (inset of Fig. 5.6(a)), which 
arise due to Bragg reflections from a well-ordered fluorite crystal structure. The 
same nanoparticle in an H2 environment at 700 °C is shown in Fig. 5.6(b). Loss of 
crystallinity in this particle is apparent from the reduced visibility of lattice 
fringes and the pronounced speckle contrast in the high-resolution image. 
Moreover, the selected area diffraction pattern acquired from the same cluster 
after reduction shows the presence of diffuse rings along with some Bragg spots 
as shown in the inset of Fig. 5.6(b). The presence of diffuse rings, which arise due 
to diffraction from a highly defective or amorphous solid, confirmed that the 
material had undergone partial amorphization during reduction. Cerium reduction 
in the particles was confirmed with EELS. Insets in Fig. 5.6(a) and 5.6(b) 
respectively show the energy-loss spectra acquired from the single nanoparticle 
before and after in situ reduction. The oxidation state of Ce at 200 °C was found 
to be 3.8 ± 0.1 while after heating to 700 °C in hydrogen it decreased to 3.1 ± 0.1.  
Similar loss of crystallinity was also observed in the PDC sample after in situ 
reduction at 650 °C as shown in Fig 5.7(a) and 5.7(b).  
 Structural changes in ceria during reduction studied by thermogravimetry 
and in situ x-ray diffraction have been reported earlier [19-21]. However, no 
amorphization of the materials were reported. Also in the work done by Wang et 
al. [22], where the ceria samples were prepared using a precipitation technique, no 
such amorphization was observed during reduction. Their in situ observations 
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showed that ceria reduction often resulted in the oxygen vacancy ordering, giving 
rise to a superstructure [22, 23]. However, not only were these samples 
synthesized differently, they were heat-treated in air to 1000 °C prior to in situ 
reduction. As a result, the grain size in the starting material was substantially 
larger and the crystallites were mostly defect free compared to the material 
investigated here. 
 It was observed that the crystalline to amorphous phase change upon 
reduction in our case was related to the presence of pit-like defects in ceria and 
PDC nanoparticles. The chemical reactivity of an oxide surface like ceria is 
strongly related to the presence of defects and surface steps. This is elucidated in 
the studies done on ceria thin films by Lu et al., where the step edges were found 
to be the dominating nucleation sites for noble metal clusters [24]. Moreover, 
Torbrugge et al. have observed hexagonal shaped surface steps and pits on CeO2 
{111} surface [25]. No study however, is available in the literature for the role of 
such defects in the chemical reactivity or phase changes in ceria during reduction.  
In our case, the pit-like defects were constructed of {111} nanofacets and 
had an average size of 2 nm as described in chapter 4, section 4.2. These defects 
may inhibit the formation of extended oxygen vacancy ordering of the reduced 
structure, which has been observed for highly ordered materials. For such 
materials, the oxygen vacancy ordered structure is associated with a phase 
transformation where the fluorite structure (S.G. mFm3 ) transforms to a body 
center cubic structure ( 3Ia ) associated with small atomic displacements [22, 23]. 
As reported earlier, the vacancy ordering in the fluorite structure is constrained by 
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the structural principles as outlined by Kang et al. [26]. Vacancy pairs line up 
along the <111> directions which preserves the cubic symmetry and lead to 
extended domains of vacancy ordering. In the spray dried materials, when oxygen 
vacancies are introduced during reduction, the surface defects disrupt vacancy 
ordering and appear to destabilize the cubic structure resulting in amorphization. 
When the sample is cooled, the Ce+3 re-oxidizes to Ce+4 but kinetic limitations 
associated with the lower oxidation temperature prevent the fluorite structure 
from reforming.  
Evidence for the role of these defects on the amorphization was found by 
investigating the particles which were free from such defects. A typical example 
of such a particle is shown in Fig 5.8(a). Upon in situ heating in H2, this particle 
did not undergo amorphization as shown in Fig. 5.8(b), although it did undergo 
reduction as indicated by the energy-loss spectrum shown in the inset of Fig. 
5.8(b). This observation confirms the correlation between the reduction process 
and the crystalline to amorphous phase change in the samples. 
 
5.5 Ex situ validation 
It is to be pointed out that the observed amorphization of the materials is 
due only to the reduction process. The effect of electron beam induced damage 
due to the exposure of the material to a beam of highly energetic electrons in the 
TEM was also taken into consideration. We based our electron beam dosage on 
the work previously done by Sharma et al [17], where they measured the effects 
of electron dose on the chemical changes (oxidation state) of Ce in pure ceria. 
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They found that significant changes occurred in the Ce white lines with an 
electron dose of 2x107 electrons /nm2 at room temperature. Thus, for the current 
experiments, we kept the electron dose below ≈106 electrons /nm2, and no 
significant changes in the image and in the Ce-M4,5 ratio were observed in the 
absence of hydrogen. 
 In order to further validate our in situ results, ex situ reduction of a 
crystalline and fully oxidized PDC sample was carried out. Figure 5.9(a) shows a 
high-resolution image of a typical PDC nanoparticle at room temperature before 
reduction. A high degree of crystallinity is evident from the sharp and continuous 
lattice fringes in the particle along with well-defined surface facets. The inset of 
Fig. 5.9(a) shows an energy-loss spectrum acquired from this particle indicating 
that Ce was present in an oxidized form. The sample was then reduced ex situ in a 
tube furnace at 900 °C for 6 h in a flowing mixture of 5% H2/95% He. Subsequent 
examination in the TEM at 200 °C revealed a highly pronounced speckle contrast 
pattern in the high-resolution image indicating amorphization of the material, Fig. 
5.9(b). The energy-loss spectrum acquired from this sample (inset of Fig. 5.9(b)) 
showed that re-oxidation of ceria after cooling and subsequent exposure to air 
(during transfer to TEM) did not result in the re-crystallization. These 
observations indicate that the amorphization does not have an adverse effect on 
the redox behavior of ceria. 
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5.6 Summary 
 The macroscopic reducibility of pure ceria and PDC compositions was 
investigated using TGA wherein the reduction temperature was found to gradually 
decrease with Pr concentration. Reducibility of the nanoparticles was studied in 
situ using the ETEM, where energy-loss spectra were analyzed to investigate the 
changes in oxidation state of Ce. Pure ceria nanoparticles were first investigated 
for a baseline study and a fundamental relationship between Ce-M4,5 ratio and 
oxidation state was developed. Thereafter, the PDC nanoparticles were 
investigated for in situ reducibility. The effect of particle size and composition on 
the reducibility of these nanoparticles was also investigated. Smaller particles 
(less than 30 nm) were found to have a higher reducibility as compared to large 
particles (greater than 45 nm). Also, particles with higher Pr concentration were 
found to be more reducible. A crystalline to amorphous phase change was 
observed for pure ceria as well as PDC during in situ reduction. Amorphization of 
the nanoparticles was correlated with the presence of pit-like defects in the 
nanoparticles. In situ observations were validated by performing ex situ reduction 
of the samples. 
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Figure 5.1. (a) Mass-loss vs temperature and (b) DTA curves for pure  
ceria and PDC compositions; (c) reduction temperature of ceria with  
Pr dopant concentration. 
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Table 5.1 
Mass-loss and Reduction Temperatures of Pure Ceria and PDC Compositions. 
Composition Reduction Temperature (°C) Mass-loss (%) 
CeO2 780 1.28 
3PDC 747 2.1 
10PDC 711 2.3 
20PDC 690 2.8 
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Figure 5.2. Energy-loss spectrum of pure ceria at 200 °C in vacuum and 700 °C in 
H2 environment. 
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Figure 5.3. Oxidation state calculation from Ce white-line ratio. 
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Figure 5.4. Reducibility of ceria nanoparticle clusters in hydrogen environment 
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Figure 5.5. Reducibility of 10PDC nanoparticles with temperature (a) with 
particle size at a fixed concentration and (b) with Pr concentration 
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Figure 5.6. High resolution image of a typical pure ceria nanoparticle from a 
selected cluster of nanoparticles, (a) at 200 °C in vacuum and (b) after in situ 
reduction in H2 at 700 °C. Insets: corresponding selected area diffraction patterns 
and energy loss spectra from the nanoparticle cluster. 
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Figure 5.7. (a) PDC nanoparticle at 200 °C in vacuum and (b) same nanoparticle 
after in situ reduction in H2 at 650 °C. Insets: energy loss spectra acquired from 
the nanoparticle. 
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Figure 5.8. PDC nanoparticle free of defects, (a) at 200 °C in vacuum, and (b) 
after reduction in H2 at 650 °C. Insets: energy loss spectra acquired from the 
nanoparticle. 
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Figure 5.9. A typical PDC nanoparticle at 200 °C in vacuum, and (b) another 
nanoparticle from the same sample after ex situ reduction in 5%H2 /95%He 
mixture at 900 °C for 6 h. 
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Chapter 6 
HYDROGEN SPILLOVER IN Ni-LOADED Pr-DOPED CERIA 
NANOPARTICLES 
6.1 Introduction 
As mentioned in chapter 1 section 1.1.5, the anode component of ceria 
based SOFC consists of an intimate mixture of Ni metal and rare-earth-doped 
ceria. During fuel cell operation, different processes, such as chemisorption and 
catalytic breakdown of the fuel molecules on the metal surface, oxidation of the 
fuel at the TPBs, interaction between the metal and the ceramic, reduction of the 
ceramic component, etc, can take place at the anode. Ni metal has been known to 
adsorb hydrogen on its surface by dissociative chemisorption, with the initial heat 
of adsorption of hydrogen on most Ni surfaces being around 90 kJ/mol for 
Ni(110), and 95 kJ/mol for both Ni(111) and Ni(100) [1]. However, no 
dissociative chemisorption of hydrogen on fully oxidized ceria surfaces has been 
reported [2]. A combination of a highly catalytic Ni with a reducible support like 
ceria has been found to show interesting results. Strong metal-support interactions 
have been observed in Ni/ceria systems under reducing conditions [3, 4]. 
Hydrogen (H) spillover from the metal to the oxide support has also been found in 
these systems [5, 6]. Such phenomena can play an important role during the 
operation of an SOFC anode based on Ni/ceria systems and need to be 
investigated at a fundamental level. This chapter discusses the results of 
investigation of Ni-loaded PDC during in-situ reduction in the ETEM. 
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6.2 Ni loading in Pr-doped ceria nanoparticles 
 Ni loading in PDC nanoparticles was performed by a conventional wet-
impregnation technique. In this technique, a known volume of Ni(NO3)2 solution 
is infiltrated into a known amount of PDC nanopowder based on its pore-volume. 
Pore-volume of the PDC nanopowder was calculated by the following method: 
0.2 g of PDC nanopowder was first taken in a glass vial. De-ionized water was 
then added in steps of 1 microliter droplets using a syringe while constantly 
shaking the glass vial to wet the nanopowder. A noticeable change in the 
appearance of the nanopowder is seen as more water is added at which point the 
nanoparticles gathers into a single lump. Under this situation, the water is 
completely filling all the pores in the mass of the nanopowder taken and the pore-
volume is the volume of water needed to completely wet the nanopowder. The 
measured pore volume for the PDC nanopowder using this method was around 40 
microliters for a 0.2 gm of powder. 
 Ni(NO3)2 was then dissolved in ethanol and stirred for 30 min using a 
magnetic stirrer to homogenize the solution. Impregnation of the solution was 
performed in a controlled environment of ethanol inside a glove bag. This was 
done because the vapor pressure of ethanol is low and may evaporate during the 
infiltration step, resulting in non-uniform dispersion. 40 µL of solution was mixed 
with 0.2 g of nanopowder in a mortar and pestle, to result in a 10 wt% Ni loaded 
PDC powder. The mixture was allowed to dry in air for 2 to 4 hours. Dried 
powder was then heat-treated in a flowing mixture of 5%H2/95%He at 400 °C for 
4 hrs in a tube furnace to directly reduce the impregnated Ni(NO3)2 to Ni metal 
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nanoparticles. These Ni nanoparticles get dispersed onto the PDC nanoparticles 
which act as a support. 
 The resulting Ni particle dispersion in PDC was investigated using TEM 
imaging. Low magnification images revealed the dispersion of Ni nanoparticles 
which were differentiated from the PDC particles by their morphology and size. 
Figure 6.1 shows a typical TEM image of a 10 wt% (or 24.5 at %) Ni-loaded 
10PDC sample. Spherically shaped nanoparticles with core-shell type 
morphology can clearly be seen dispersed onto larger nanoparticles. These core-
shell structures correspond to Ni nanoparticles encapsulated in a NiO (nickel 
oxide) shell which is formed upon exposure of Ni to air (for approximately 6 h) 
after the reduction step mentioned above. This is evident from the inset in Fig. 6.1 
and more clearly from the high-resolution image shown in Fig. 6.2. Lattice fringe 
spacings measured from a FFT (fast Fourier transform) indicated a Ni particle 
with 0.20 nm spacing corresponding to Ni {111} enclosed in a NiO shell with 
lattice spacing of 0.24 nm corresponding to NiO {111} supported on a PDC 
nanoparticle with 0.31 nm spacing corresponding to CeO2 {111} planes. 
 However, most Ni/NiO particles were found to nucleate on the CeO2 
{200} surfaces. The wetting angle for these particles was found to be in the range 
of approximately 118° to 147°, measured from the high resolution images. The 
preferential nucleation of Ni/NiO particles on the {200} facets is consistent with 
the fact that these facets are energetically the most unstable among the low-index 
CeO2 {111}, {220}, and {200} facets, with the {111}-facets being most stable 
[7]. Hence, nucleation of Ni/NiO on these surfaces is most likely to take place, in 
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order to lower the surface energy. The {200} facets are also known to possess 
high catalytic activity in ceria [7-9]. It is also to be noted that after the reduction 
of Ni/NiO structures to metallic Ni, embedding of the Ni particles on the surface 
of PDC was also observed, indicating stronger interaction between Ni and the 
PDC support.  
 
6.3 In situ reduction 
 In order to study the interaction of Ni metal and PDC in a reducing 
environment of hydrogen gas, in situ reduction of Ni-loaded PDC was performed 
in the ETEM. The sample for ETEM investigation was prepared by dry-loading 
the powder onto a Pt grid as described in detail in chapter 5. The sample was 
loaded onto a Gatan® hot-stage and secured by Inconel® washers and a hex-ring. 
It was then heated to 400 °C in flowing hydrogen at 1 Torr pressure and held for 2 
h to reduce the NiO layer that is formed on the Ni particles on exposure to air. 
NiO reduction to Ni metal was confirmed by high resolution imaging (by 
measuring the lattice fringe spacing), and additionally by electron energy-loss 
spectroscopy (EELS). Figure 6.3(a) shows a typical energy-loss spectrum from a 
NiO particle. The spectrum consists of Ni-L3 and Ni-L2 edges occurring at 855 eV 
and 872 eV, respectively, along with a minor Ni-L1 edge at 1008 eV and a sharp 
O-K edge at 532 eV. After reduction of NiO to Ni metal, only Ni peaks were 
visible, as seen in the energy-loss spectrum from a Ni particle formed after 
reducing the surface NiO layer. After complete reduction of NiO, the sample was 
  172 
then further heated to up to 700 °C to observe the interaction between Ni metal 
and PDC while maintaining the hydrogen pressure at 1 Torr.  
 
6.4 Ni-PDC interaction 
During the in-situ reduction of Ni-PDC at 650 °C, a change in morphology 
of the PDC support was observed at the Ni-PDC interface. Figure 6.4 shows a 
typical Ni-PDC interface at 650 °C in H2 environment. A high degree of 
crystallinity in the PDC particle is obvious from the lattice fringes (corresponding 
to CeO2 {111}). However, an amorphous structure can be observed at the Ni-PDC 
interface. This amorphization of PDC at the interface was linked to the 
amorphization due to reduction as explained in detail in chapter 5. This indicated 
that although the PDC particle was highly crystalline with no pit-like defects 
present, it underwent partial amorphization at the interface due to a preferential 
reduction of PDC.  
 In another experiment, the sample was subjected to an ex situ reduction 
treatment. This was carried out in a flowing mixture of 5%H2/95%He in a tube 
furnace at 900 °C for 6 h. Subsequent observation of the sample in the TEM 
showed a completely amorphous PDC as expected (from observations in chapter 
5). Further investigation of Ni-PDC reduction was done on this fully amorphous 
PDC support with Ni loading on it. In the subsequent in situ experiment, strong 
metal-support interactions were observed between Ni metal and the PDC support. 
Figure 6.5 shows a series of high resolution images indicating this effect. A Ni 
particle on PDC at 420 °C in a H2 environment is shown in Fig. 6.5(a). After 
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heating the sample to 700 °C, migration of PDC moieties onto the surface of Ni 
was observed, as seen in Fig. 6.5(b). This is due to a strong metal-support 
interaction (SMSI) which has been previously observed on many metal-support 
systems with reducible supports [3, 4, 10-12]. The tendency of the PDC was to 
encapsulate the Ni particle by diffusion on its surface. This has been explained 
due to the SMSI effect, which in principle involves lowering in surface energy of 
Ni when reduced ceria migrates on Ni surface [3]. However, a reverse migration 
was observed upon cooling the sample back to 420 °C, as seen in Fig. 6.5(c) 
where most of PDC moieties had migrated back to the parent PDC particle. Such 
strong Ni-PDC interactions can lead to encapsulation of the Ni metal and a 
reduction in its catalytic activity at higher temperatures.  
Such observations have also been reported previously by in-situ ambient 
pressure photoemission spectroscopy (APPES) technique in the case of Ni-ceria 
system [3]. Complete burial of the Ni particles by ceria moieties was observed in 
this case in the presence of hydrogen at 500 °C. However, reappearance of the Ni 
particle with some left-over ceria moieties on the Ni surface was observed upon 
evacuation of hydrogen at the same temperature. These results indicate that 
hydrogen plays an important role in the strong interaction between Ni metal and 
ceria or doped ceria support which can partially or completely reduce in the 
presence of hydrogen.  
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6.5 Hydrogen spillover 
6.5.1 The spillover effect 
 Spillover is the transport of active species adsorbed or formed on one 
surface onto a second surface, which may or may not adsorb or form the active 
species under the same conditions [13].The spillover effect is most commonly 
observed in catalytically active metals like Pt, Pd, Ru, Rh, Ni etc. on an oxide 
support [13-15]. A schematic illustration of spillover of a diatomic gas molecule 
such as H2 is shown in Fig. 6.6. Large dark grey circles represent the metal 
surface which is supported on an oxide surface (white circles). Small dark grey 
circles represent atomic hydrogen, which is formed after dissociation at the metal 
surface. After dissociation, the atomic hydrogen can easily migrate to the metal-
support interface via surface diffusion. At the interface, its spills over onto the 
oxide support where a number of different processes can take place. Such 
processes include surface diffusion, reaction at the surface, bulk diffusion, 
reaction in the bulk, formation of active sites, etc. Occurrence of any each of these 
phenomena depends on the nature of the oxide support and the spillover species. 
The energetics of the spillover process can be explained as follows: 
chemisorption of the diatomic gas molecules is an exothermic process as energy is 
released upon dissociation. This dissociation results in a highly active atomic 
species which migrate to the metal-oxide interface by surface diffusion on the 
metal surface. The activation energy for this surface diffusion is generally quite 
low. Spillover at the interface between the metal and the oxide surface requires 
that the bonds with the metal surface are broken and new bonds are formed with 
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the oxide support surface. This process is endothermic and is facilitated by an 
increase in entropy of the spillover species. Subsequent surface diffusion of the 
spillover species on the oxide support also involves low activation energy [13].  
 
6.5.2 Hydrogen spillover in Ni-PDC 
 H spillover in the Ni-PDC system was investigated experimentally using 
the ETEM. In the same in situ reduction experiment mentioned in section 6.3, 
local changes in Ce oxidation state were investigated. Figure 6.7(a) shows a 
typical Ni-PDC interface used to study the spillover effect. Speckle contrast seen 
in the PDC particle indicates amorphization due to the ex situ reduction as 
mentioned in chapter 5, section 5.3. Energy-loss spectra were acquired from two 
regions, each approximately 5 nm in diameter, within the same PDC nanoparticle, 
as seen in Fig. 6.7(a). A background subtracted energy-loss spectrum from Area 1 
is shown in Fig. 6.7(b). 
The presence of Ni-L3 and Ni-L2 edges in the spectrum, at 855 eV and 872 
eV, respectively indicate that the specified region was in close proximity to the Ni 
particle. The higher intensity in Ce-M5 as compared to Ce-M4 indicates that Ce is 
present in a reduced state in this region. The measured oxidation state of Ce in 
this region was around 3.2 ± 0.1. The Ni-L2,3 edge was not found to significantly 
affect the Ce white line quantification. Area 2 as marked in Fig. 6.7(a) was 
selected at a distance of approximately 15 nm away from the Ni-PDC interface. 
An energy-loss spectrum from this region is shown in Fig. 6.7(c) and indicates the 
presence of Ce in a partially reduced state with the measured oxidation state of 
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3.5 ± 0.1. Similar measurements were performed on several different Ni-PDC 
interfaces and all showed preferential reduction of the PDC particle in the vicinity 
of Ni particle (see Table 6.1). Pure PDC does not reduce until 650 °C and the low 
temperature preferential reduction around Ni is a result of a spillover of highly 
reactive atomic hydrogen from Ni to PDC.  
Determination of the spatial extent of the reduction zone was challenging 
because the average PDC particle size was only 22 nm and there was substantial 
aggregation of the PDC particles leading to particle overlap in TEM images.  
However, an estimate of the spatial variation in the oxidation state was performed 
using a fairly large electron beam size (≈ 5 nm) to eliminate the possibility of any 
electron beam effects at these relatively low temperatures.  First, the oxidation 
state of the ceria at the metal/PDC interface was determined.  The electron beam 
was then moved as far from the interface as possible while still remaining on the 
PDC particle and avoiding particle overlap and additional Ni particles.   A second 
measurement of the oxidation state was made at this second point.  The oxidation 
state changes and corresponding distance from the interface are given in Table 
6.1. It can be seen that the reduction zone around the Ni particles can extend up to 
20 nm or more with large changes observed in the oxidation state between the 
selected regions, measurements 2 and 3. However, it was only possible to probe 
as far as the particle extends, meaning that the size of the particle places a limit to 
which the reduction zone can be measured. This is reflected in the measurements 
1 and 4 showing smaller changes in oxidation state between the two selected 
regions and is only due to the size limitation of the particles, as the electron probe 
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could not be extended beyond the particle. Also, due to overlap with neighboring 
particles in some cases the regions selected were closer to each other.  
 
6.5.3 Spillover mechanisms 
 As mentioned in section 6.5.1, migration of the spillover species involves 
a surface diffusion process across the surface of the metal where they are formed 
and then on to the support surface. Transport by surface diffusion depends on the 
nature of the interaction between the adsorbed or the spillover species and the 
surface. Such interactions can vary from van der Waals type to more localized 
bonding between the surface atoms and the spillover species. Spillover can be a 
long-range effect or one that is limited to the surface adjacent to the interface, 
depending on the surface diffusion on each surface. Hence, based on the 
interactions between the spillover species and the energetics involved, the 
mechanism of spillover can be different.  
 For a reducible support like ceria, different mechanisms have been 
suggested for the reduction of ceria by spillover hydrogen [16-19]. In the absence 
of re-oxidation, there are two processes that contribute to the formation of the 
surface reduction zone around the Ni particle. The first process involves 
dissociative adsorption of hydrogen on the Ni metal particles followed by 
spillover of atomic hydrogen onto the oxide support with reduction of the oxide at 
the interface. A schematic illustration of this process is shown in Fig. 6.8(a). In 
this scheme, the spillover hydrogen atoms diffuse across the surface of PDC away 
from the Ni-PDC interface in all directions. Since the surface oxygen atoms are 
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bonded by fewer nearest neighbors (lower co-ordination number than the bulk), 
they will initially readily combine with the highly reactive atomic hydrogen and 
form OH¯ species. The surface OH¯ species are known to ‘facilitate’ the surface 
diffusion of spillover hydrogen [20]. On combination with a second H atom, 
formation of H2O takes place on the PDC surface. The H2O is readily desorbed 
from the surface and the surface oxygen is lost forming an oxygen vacancy at the 
surface. This surface vacancy readily diffuses into the bulk of PDC and the local 
stoichiometry is changed with a concomitant change in the Ce oxidation state. As 
more oxygen is lost from the surface, a reduction zone is formed around the Ni 
particle, which spreads in all directions. However, the EELS technique measures 
the chemical state of not only the surface but mostly of the bulk of the specimen 
under study. This implies that the measured oxidation state of the PDC particle at 
the two points represent the Ce oxidation state in the bulk. We can therefore 
conclude that the reduction zone not only spreads on the surface, but also in the 
bulk of the particle.  
 In the second scheme as shown in Fig. 6.8(b), diffusion of surface oxygen 
ions to the Ni-PDC interface takes place. Initially the oxygen at the interface will 
be removed via reaction with spillover hydrogen creating a narrow zone of 
oxygen vacancies around the Ni particles. At high temperatures, the surface 
oxygen atoms can rapidly migrate via vacancy hoping across the surface to fill the 
vacancies at the Ni/PDC interface. With a continuous loss of oxygen ions at the 
interface via H2O formation, the surface concentration of oxygen vacancies 
increases and these are backfilled by bulk oxygen ions. The average oxidation 
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state of Ce is thus locally changed in the PDC around the Ni particle. A reduction 
zone is thus formed around the Ni particle, which then spreads spatially in all 
directions. 
 Which of these two schemes dominates is governed by the kinetics and 
energetics of the surface diffusion processes involved. Surface diffusion of the 
spillover species involves their transport along the surface of the oxide and 
proceeds via a site-to-site hopping process. Surface diffusion of H on Ni is very 
fast with a diffusion coefficient of the order of 10-11 m2/s at 400 °C. Hence, 
surface diffusion of H on Ni surface is not the rate limiting step in the spillover 
process. The rate-limiting step could then be the migration of atomic species, in 
this case H and O on the PDC surface since strong bonding with the PDC support 
can exist. The diffusion coefficient for H migration on surface of a ceria based 
oxide at 400 °C is of the order of 2 x 10-17 m2/s whereas for surface oxygen, the 
diffusion coefficient is 6 x 10-16 m2/s [20, 21] which is an order of magnitude 
higher. This suggests that oxygen migration mechanism illustrated in Fig. 6.8(b) 
may dominate in this case. 
 However, bulk diffusivity of oxygen ions cannot be ignored. Since doped 
ceria consists of a large concentration of oxygen vacancies, migration of oxygen 
ions to the surface is likely to place. Bulk diffusion coefficient of oxygen in pure 
ceria at 400 °C has been found to be around 5 x 10-22 m2/s [20], which is 
significantly smaller than the surface diffusion of oxygen. However, it is to be 
noted that there is a substantial spread in the values of bulk diffusion coefficients 
of oxygen in ceria reported in the literature. This is due to the fact that the bulk 
  180 
diffusion coefficient depends not only on the temperature but also on the 
stoichiometry of ceria. Since, the exact stoichiometry of ceria in our case is not 
precisely known, it makes it difficult to interpret the role of bulk diffusion of 
oxygen ions in the process of spillover. Nonetheless, Pr incorporation in ceria 
lattice has been known to increase the bulk mobility of oxygen ions to the surface 
[22], and that may explain the spread of the reduction zone into the bulk as 
measured by EELS. 
 These simple arguments give a qualitative indication of processes that may 
take place on the surface but the EELS measures the  reduction not just on the 
surface but also at sub-surface sites.  To develop a fully quantitative description of 
the reduction zones determined by EELS would required a detailed model which 
takes both bulk and surface diffusion and re-oxidation processes into account. The 
actual width of the reduction zone will then depend on the dynamic equilibrium 
between the reduction and re-oxidation rates.  
 
6.6 Summary 
 The effect of Ni loading on PDC was to reduce the overall reduction 
temperature of PDC down to 420 °C, as evidenced by EELS during in situ 
reduction in H2. Formation of a reduction zone was found to originate at the Ni-
PDC interface, and was evidenced by preferential amorphization of a crystalline 
PDC particle at the Ni-PDC interface. Furthermore, a difference in Ce oxidation 
state was found at the interface and a certain distance away from the interface. H 
spillover from Ni metal to PDC support was found to be the cause of preferential 
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reduction of Ce at the interface. Possible mechanism of reduction zone formation 
and spread on the surface and the bulk was explained based on the basis of two 
competing cross-migrating species, i.e., O and H and migration of oxygen to the 
Ni-PDC interface was found to be the governing mechanism due to higher 
diffusivity of O ions on the surface. The reduction zone was found to spread not 
only on the surface but also in the bulk of the particles, as evidenced by EELS. 
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Figure 6.1. Ni dispersion in 10 wt% Ni-loaded PDC at 200 °C in vacuum. Inset: 
high magnification image of Ni/NiO core-shell structure. 
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Figure 6.2. High-resolution image of Ni-PDC interface in 10 wt% Ni-loaded PDC 
at 200 °C in vacuum. 
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Figure 6.3. Electron energy loss spectrum of (a) Nickel-oxide, and (b) Nickel 
metal. 
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Figure 6.4. Reduction zone formation in 10wt% Ni-loaded PDC in a H2 
environment at 650 °C. 
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Figure 6.5. Ni-PDC interaction in a H2 environment at different temperatures: (a) 
420 °C, (b) 700 °C, and (c) after cooling back to 420 °C. 
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Figure 6.6. Schematic illustration of the spillover phenomenon [13]. 
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Figure 6.7. High resolution image of Ni-PDC interface in H2 environment at 420 
°C with an ex-situ pre-reduction treatment; (b) and (c) energy loss spectra from 
region next to Ni-PDC interface (Area 1) and away from the interface (Area 2), 
respectively. 
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Table 6.1. 
Localized Reduction of Ce in Ni-loaded PDC Nanoparticles During In Situ 
Reduction 
Region 
Ni particle 
size (nm) 
Distance from Ni/PDC  
interface (nm) 
Oxidation state of Ce 
1 15 10 ± 3 
At interface: 2.9 ± 0.1 
Away : 3.3 ± 0.1 
2 20 18 ± 3 
At interface: 3.0 ± 0.1 
Away : 3.8 ± 0.1 
3 10 15 ± 3 
At interface: 3.2 ± 0.1  
Away: 3.5 ± 0.1 
4 9 10 ± 3 
At interface: 3.1 ± 0.1 
Away: 3.3 ± 0.1 
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Figure. 6.8 Mechanisms of reduction zone formation: (a) Hydrogen spillover 
from Ni to PDC followed by surface diffusion of H atoms across PDC, (b) 
hydrogen spillover from Ni to PDC followed by surface oxygen diffusion to the 
triple phase boundary. 
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Chapter 7 
PRELIMINARY RESULTS ON MODEL SOLID OXIDE FUEL CELLS 
7.1 Introduction 
It is essential to evaluate the performance of the anode materials after the 
fundamental characterization of the synthesized powders. This is generally done 
by fabricating model solid oxide fuel cells (SOFCs) (commonly called button-
cells) to characterize the anode performance. Good anode performance requires a 
high anode activity, high electrical conductivity, low polarization resistance, 
compatibility with the electrolyte, and structural stability under redox conditions 
[1]. Electronic conductivity of the anode depends on the percolation threshold of 
the metal content in the cermet. According to the percolation theory, a random 
mixture consisting of two types of spheres A and B requires at least one-third of 
the total volume to be filled by type A spheres in order to form an interconnecting 
network between them [2]. Percolation conduction for a cermet anode thus 
requires atleast 30 – 40 vol% Ni metal content to form an interconnecting network 
between the Ni grains [1]. Moreover, at least 30% porosity by volume is required 
to reach a balance between electronic conductivity and porosity [1].  
 Testing the performance of the anode can be complicated by the 
limitations of the cathode and the electrolyte materials used. For example, a low 
ionic conductivity of the electrolyte can limit the flow of oxygen ions towards the 
anode and thus resulting in low cell output [3]. Moreover, porosity in the 
electrolyte can cause fuel cross-over resulting in a direct contact of the fuel with 
the oxidant leading to a decrease in cell output voltage. Also, large activation 
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losses associated with the cathode reaction can limit the performance of the entire 
cell [3]. This can lead to a limitation in the performance characterization of the 
anode. To reduce such limitations, we used Pt as the cathode material to obtain 
high catalytic activity at the cathode. The electrolyte was fabricated from the 
same ceramic material as used for the anode fabrication to ensure high ionic 
conductivity, thermal and chemical compatibility. 
 This chapter describes the fabrication procedure of the stand-alone 
electrolytes and anodes using the doped ceria materials synthesized by spray 
drying. Relevant issues in the fabrication and processing techniques and some 
preliminary results on the characterization of these materials are discussed. Anode 
conductivity measurements and the effect of processing conditions of the starting 
powders on anode conductivity have been discussed. The test-setup for anode 
conductivity measurement and the issues relating to test assembly sealing have 
been discussed. 
 
7.2 Electrolyte fabrication 
The electrolyte substrates for SOFC fabrication were prepared by the 
conventional dry-pressing technique. This technique involves compaction of the 
powder in the form of a thin pellet using a die. This is followed by sintering of the 
pressed pellet in a high temperature furnace. The die design aspects and 
construction along with the electrolyte substrate fabrication procedure are 
described in the following sections.  
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7.2.1 Die design 
 The first aspect of the die design for the dry-pressing technique is the 
choice of the die material. Since the die is subjected to high uniaxial loads 
(~25,000 – 30,000 psi) during pellet pressing, it is essential that the die material 
can withstand such pressures without failing. For this reason, a hardened stainless 
steel was chosen as the die material. The die consists of three parts, namely the 
die (cylindrical block with a central bore), the pushing rod (to press the powder) 
and a base (to hold the powder during pressing). The designs of each of these 
parts are shown in Fig. 7.1. The second design aspect is the dimensions of the die 
components. The die wall thickness was chosen to be 1-inch and is sufficient for 
provide adequate structural strength under compression. The diameter of the inner 
bore depends on the size of the electrolyte substrate required. Since the pellet will 
undergo shrinkage after the sintering process, the inner bore size should be 
slightly larger to compensate the shrinkage. For accurate dimensions, the lateral 
shrinkage behavior of the pressed pellet should be previously known. The lateral 
shrinkage in GDC and GPDC electrolytes was found to be around 11 %, which 
was calculated by sintering 25.4 mm (1-inch) pellets using a 25.4 mm (1-inch) 
die. For this research, the desired electrolyte substrate size was 18 mm. This leads 
to an initial pellet size of 20.45 mm (0.8053-inch) to accommodate 11% shrinkage 
in diameter after sintering.  
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7.2.2 Electrolyte substrate fabrication 
 Fig. 7.2 schematically illustrates the process of dry-pressing using the 
stainless steel die. A known amount of powder (~ 1 g in this case) was first added 
in the die. The die was tapped gently to spread the powder uniformly. The 
pushing rod was then inserted from the top and the whole assembly is then 
subjected to a uniaxial compression of 24,000 psi using a Carver® hydraulic 
press. A holding time of 5 minutes was given after reaching the pressure. The die 
assembly was then inverted and the pushing rod was gently moved to lift the 
pressed pellet, as shown in Fig. 7.2. Pellet was removed from the die by gently 
sliding it using a spatula and placing it on a glass slide. It is worth noting that the 
pressed pellet is generally very fragile and care must be taken to avoid cracking 
due to improper handling. 
Sintering of the pressed pellet was performed in a high-temperature 
furnace at 1350 °C for 24 h in air. The pressed electrolyte pellet was first placed 
on a Pt foil which was then placed on an alumina plate inside the furnace. Pt was 
used to avoid any reaction between the pellet and the alumina plate. The pellet 
was covered with an alumina cap to avoid contamination from the furnace. The 
heating and cooling rates were kept low (of 2 °C/min) to avoid thermal shock 
which can occur during rapid cooling and can cause the pellet to crack. The 
density of the sintered pellets was measured using Archimedes principle. This 
principle states that the buoyant force FB on an object completely or partially 
submerged in a fluid is equal to the weight of the fluid that the submerged part of 
the object displaces [4]: 
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FB = mfg = ρfVg    (7.1) 
where, mf and V are the mass and the volume of the displaced fluid (which is 
equal to the volume of the submerged part of the object), ρf  is the density of the 
fluid, and g is the gravitational acceleration constant. Thus, when a solid of 
volume V is completely submerged in water, the above equation becomes: 
FB = ρwVg     (7.2) 
where, ρw is the density of water (~1 g/cm
3). The apparent weight of the solid, Ww, 
when immersed in water is the difference between weight in air, Wa, and the 
buoyant force FB: 
Ww = Wa ˗ ρwVg    (7.3) 
Volume of the solid, V, can be expressed as Ma/ρs Substituting in 7.3 and 
rearranging, the density of the solid is give by [4]: 
wa
wa
s
WW
W
−
=
ρ
ρ      (7.4) 
The sintered relative density using Eq. 7.4 for the GDC electrolyte was 
found to be around 92% of the theoretical density of Ce0.8Gd0.2O2 (7.24 g/cm
3). 
The density of the electrolyte pellets is low as compared to the commercial 
electrolytes. This is because conventional ceramic processing generally uses an 
additional step of cold isostatic pressing (CIP) after the pellet pressing step, which 
is beyond the scope of this research. The CIP technique uses extremely high 
pressures (~40,000 psi to 80,000 psi) to apply hydrostatic pressure to the pressed 
pellet before sintering. Compaction pressure has a direct influence on the sintered 
density obtained in ceramics [7, 8]. However, it is worth mentioning that even 
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though the CIP technique was not used, the relative density of 92% was attained. 
This is because the starting size of the powders was in the nanometer range (44 
nm) which requires low sintering temperatures [7, 8]. 
Secondary electron (SE) images were acquired using an FEI XL-30 
environmental scanning electron microscope (ESEM). SEM samples were 
prepared by cutting small piece of the as-sintered GDC electrolyte and coating the 
surface with 5 Å to 10 Å thick layer of gold. This was done to avoid charging in 
the SEM due to the sample. The sample was secured on an aluminum stub using a 
carbon tape. The SE images were taken at an accelerating voltage of 30 kV and 
spot size 1. The working distance was kept at 5.4. Figure 7.3(a) shows the SE 
image of this sample and reveals the grain structure of the electrolyte substrate. 
As seen in the figure, some amount of porosity is present in the electrolyte which 
is consistent with the density measurements. The average grain size was found to 
be around 1.33 µm ± 0.44 µm with a standard deviation of 0.023 µm. The grain 
size distribution in the sample is as shown in Fig. 7.3(b).  
For high resolution imaging, the electrolyte sample was crushed into a 
powder in a mortar and pestle. The sample was then dispersed in ethanol and 
ultrasonicated for 15 mins, before loading the sample onto a holey carbon grid. 
The high resolution image of a typical GDC grain cluster is shown in Fig. 7.4(a). 
Fast Fourier transform (FFT) of the selected region shown in the figure revealed 
the fluorite lattice spacings of GDC. The energy-loss spectrum from this grain 
cluster is as shown Fig 7.4(b). Average Gd concentration calculated using 
equation 4.9 (chapter 4, section 4.4.2.1) was found to be around 16 mol%. This 
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result is indicative of the fact that Gd segregation can take place during high 
temperature sintering 
 
7.3 Ni-GDC anode fabrication and characterization 
7.3.1 NiO-GDC composite fabrication 
 The first step for the fabrication of Ni-GDC cermet anode is the synthesis 
of a composite mixture of NiO and GDC [9-12]. NiO and GDC powders were 
synthesized using the spray drying technique described in chapter 3. The average 
particle size of the GDC nanoparticles heat-treated at 700 °C in air was found to 
be around 42 nm ± 1 nm (chapter 4, section 4.2). For NiO nanoparticles heat-
treated in air at 500 °C, the average particle size was around 89 nm ± 4 nm 
(chapter 4, section 4.2). This gives a NiO to GDC starting size ratio, dNiO/dGDC, of 
around 2:1. A second anode sample was made by giving a coarsening treatment to 
the GDC and NiO powders at 1000 °C for 20 h in air. The effect of the starting 
NiO to GDC particle size ratio on the electronic conductivity of Ni-GDC anode 
was investigated. For GDC, the average particle size increased to 143 nm ± 3 nm 
(with a standard deviation of 49 nm) after the coarsening heat treatment. Figure 
7.5 (a) and 7.5(b) respectively show a low magnification TEM image and particle 
size distribution in the coarsened sample. For NiO the average particle size after 
coarsening was found to be around 404 nm ± 8 nm (with a standard deviation of 
115 nm). Figure 7.6 (a) and 7.6(b) respectively show low magnification TEM 
image and particle size distribution in the NiO sample. 
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Following the coarsening heat treatments, the size ratio of NiO to GDC 
(dNiO/dGDC) was found to be around 3:1. The latter starting powder size ratio is 
close to the most acceptable size range (3:1 to 5:1 depending on the Ni-GDC 
volume ratio in the final cermet) found in literature to achieve adequate electronic 
conductivity in the Ni interconnecting structure in the final cermet [1]. These 
powders were mixed in a 60 wt% NiO to 40wt%GDC ratio in a ball-mill for 10 h 
in ethanol using 6 mm YSZ grinding balls. The slurry was then dried in air for 12 
hours followed by drying in an oven at 80 °C for 12 h to obtain a NiO-GDC 
composite powder.  
The NiO-GDC composite powders with two different initial size ratios 
were then pressed into pellets using the dry-pressing technique described in 
section 7.1.2. However, the compaction pressure was kept as low as possible (10 
psi, to obtain sufficient mechanical strength in the pressed pellet) This was done 
in order to attain a certain level of porosity in the pellet after sintering, as high 
compaction pressures will result in pellets with high density. The pellets were 
sintered in air at 1350 °C for 10 h in air, in a high temperature furnace. 
 
7.3.2 Ni-GDC anode characterization 
7.3.2.1 Test set-up design and construction 
 The test fixture for anode conductivity measurement is as shown in Fig. 
7.7. It consisted of a concentric tube arrangement with an inner quartz tube (for 
gas inlet) of 9 mm outer diameter and 2 mm wall thickness and an outer alumina 
tube (for gas exit) of 18 mm outer diameter and 1.5 mm wall thickness. The inner 
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quartz tube was connected to the outer alumina tube by the ultra-Torr® gas-tight 
Swagelok® fittings, as seen in Fig. 7.7. The anode test piece mounted on a 1 mm 
thick alumina disk can then be sealed onto the open end of the alumina tube by 
using Ceramabond® 552 VFG sealant (Aremco Products, USA). A RIG-150 
mirco-reactor (In Situ Research Instruments, ISRI) was used to control the gas 
flows in and out of the test fixture and to heat the anode test piece. This reactor 
(shown in Fig. 7.7) is equipped with mass flow controllers which allow a 
controlled flow of gases into the test fixture. Reacting gases ranging from H2, 
CH4, O2 and carrier gases like He and N2 can be used. The test fixture can be 
heated to up to 1000 °C using a vertical tube furnace, Fig. 7.7. Temperature near 
the anode region can be read by a dual-element thermocouple and was inserted 
from the bottom end of the tube furnace. A multimeter can be used to record the 
resistance at a specific temperature, which can then be converted to electrical 
conductivity. 
 
7.3.2.2 Ni-GDC anode conductivity measurement 
 The electrical conductivity of stand-alone Ni-GDC cermets was measured 
using the test set-up described in the previous section. Rectangular test pieces of 
dimensions 4.5 mm in length, 4.0 mm in width and 0.4 mm thick were cut for the 
conductivity measurements. Pt paste was applied on two opposite ends of the test 
sample to act as the current collecting contacts. Pt lead wires of 0.25 mm diameter 
were used as electrical leads to measure the resistance. 
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 The test piece was placed on an alumina disk and the Pt wires were 
secured using the Ceramabond® 552 VFG sealant. A schematic diagram of the 
test sample is shown in Fig. 7.8.The alumina disk was then sealed onto one end of 
an alumina tube using the same sealant which was then cured using the two step 
curing procedure. This procedure involved first heating the sealant at 200 °C for 4 
h and then to 800 °C for 4 h followed by slow cooling (2 °C/min) to room 
temperature. The electrical resistance of the test piece was monitored by a digital 
multimeter throughout the experiment. Helium carrier gas was first purged 
through the system for 2 h at a flow rate of 50 cc / min, following which the 
temperature was increased to 800 °C in flowing He. After a holding time of 1 h at 
800 °C, H2 gas was introduced at 5 cc / min and flowed for 4 h to reduce NiO to 
Ni metal.  
Preliminary results on the electrical conductivity measurements for the 
NiO-GDC composite with initial size ratio 2:1 indicated that the conductivity of 
these samples were extremely poor. The room temperature conductivity of these 
samples after reduction was found to be around 0.71 x 10-2 S/cm. However, for 
the NiO-GDC composite samples with initial size ratio 3:1, the room temperature 
electrical conductivity was found to be around 0.3 S/cm which is almost 2 orders 
of magnitude higher. This result is indicative of the fact that in the former case 
either the NiO did not undergo complete reduction or the Ni grains after reduction 
of NiO did not form an interconnecting electrical conducting path. In contrast, 
high conductivity in the latter case indicates that a percolating conducting path did 
form after reduction of NiO to metallic Ni. Moreover, these observations reveal 
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the final properties of the cermet after reduction depends significantly on the 
initial particle sizes of the powders and on the processing conditions (heat-
treatments etc.). A color change from green to black was observed in both cases, 
indicating reduction of NiO to Ni. 
 
7.3.3. In situ characterization of Ni-GDC anodes  
 The characterization of the Ni-GDC anodes was performed in the ETEM 
to investigate the in situ reduction behavior of NiO-GDC composites to Ni-GDC 
cermets. TEM samples were prepared by the dimple grinding and ion milling 
technique described in chapter2, section 2.3.2. The NiO-GDC TEM sample was 
first investigated at 200 °C to characterize the distribution of NiO and GDC 
grains. Figure 7.9(a) shows a low magnification TEM image of this sample. 
Partial amorphization of the sample was seen near the edges of the central hole in 
the specimen. This amorphization is attributed to the high energy ion-milling 
process. Individual grains were identified by energy-loss spectroscopy and are 
marked in Fig. 7.9(a). A difference in contrast between the NiO and GDC grain 
can be clearly seen. Energy loss spectra from the grains marked GDC-1 and NiO-
1 in the Fig. 7.9(a) are shown in Fig. 7.9(b) and 7.9(c), respectively.  
 In situ reduction of the sample was first performed by heating the sample 
to 700 °C in a flowing mixture of 50% H2/50%N2 at 3 Torr pressure in the ETEM. 
The sample was held at temperature for 4 h to reduce the NiO to Ni. The 
reduction of NiO to Ni was confirmed by observing the change in morphology of 
the NiO grain and additionally by EELS. Fig. 7.10(a) shows a TEM image of this 
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sample. It can be seen that some of the NiO grains were only partially reduced 
with nucleation of Ni particles within the grain. EELS spectrum taken from one of 
these grains is shown in Fig. 7.10(b) and a large oxygen signal corresponding to 
O-K edge can clearly be seen. However, full reduction of some NiO grains to Ni 
metal was observed with corresponding shrinkage in volume as seen in Fig. 
7.10(a). Absence of O-K edge from the EELS spectrum as seen in Fig. 7.10(c) 
clearly indicates complete reduction of NiO. A change in contrast in the Ni grain 
(from light to dark) can be seen in the Fig. 7.10(a). Also, loss of contact between 
the Ni grains formed and the neighboring grains can be seen. These grains were 
found to be connected with the neighboring grains by NiO interconnecting 
structures as seen in the image.  
 An ex situ reduction of another TEM sample was carried out in a tube 
furnace in a flowing mixture of 10% H2/90%N2 at 900 °C for 12 h to extensively 
reduce the NiO grains. Upon subsequent observation in the TEM a similar 
observation was made. However, the Ni particles nucleated within the grains were 
larger in size, due to the high reduction temperature. Fig. 7.11(a) and 7.11(b), 
respectively compares the sample reduced in situ at 700 °C and ex-situ at 900 °C. 
The reasons of partial reduction of some NiO grains was unknown, however, 
effect of processing conditions on the NiO and GDC could be considered as a 
possible factor affecting this behavior. 
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7.4 Summary 
 Preliminary results on the fabrication and characterization of GDC SOFC 
electrolyte and Ni-GDC cermet anode were presented. Electrolyte pellets were 
fabricated by a dry-pressing method using a stainless steel die, the design aspects 
of which were discussed in detail. A 92% sintered density was obtained by 
sintering the electrolyte pellets at 1350 °C for 24 h in air. Ni-GDC cermets were 
fabricated by first synthesizing composites from NiO and GDC in 60:40 ratio by 
weight, followed by reduction in H2/He mixture at 800 °C for 4 h. The properties 
of the Ni-GDC cermet anode were found to depend on the processing conditions 
and the particle size ratio of NiO to GDC. Electrical conductivity of the anode 
samples with dNiO/dGDC = 3:1, was found to be around 0.3 S/cm which was two 
orders of magnitude higher than the ones with dNiO/dGDC = 2:1. The ETEM was 
used to investigate the in situ reduction of NiO-GDC composite sample. Two 
types of behavior in the NiO grains were observed wherein, complete reduction of 
some NiO grains to Ni metal was observed as evidenced by energy-loss 
spectroscopy. In contrast, some NiO grains exhibited partial reduction, with the 
formation of Ni particles within the NiO grains. Hence, the poor electrical 
conductivity of this anode material was justified with the in situ observations.  
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Figure 7.1. Design of the various components of stainless steel die for powder 
pressing. 
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Figure 7.2. Dry-pressing technique for electrolyte substrate fabrication. 
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Figure 7.3. Secondary electron (SE) image, (a), and grain size distribution in 
GDC electrolyte substrate sintered at 1350 °C for 24 h in air. 
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Figure 7.4. (a) High resolution TEM image of crushed GDC electrolyte substrate. 
Inset: FFT of the selected region in the image showing fluorite lattice spacings, 
(b) energy-loss spectra from the same sample. 
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Figure 7.5. Low magnification TEM image, (a), and particle size distribution, (b), 
in GDC after coarsening heat treatment at 1000 °C for 20 h in air. 
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Figure 7.6. (a) Low magnification TEM images, and (a) particle size distributions 
in NiO after coarsening heat treatment at 1000 °C for 20 h in air. 
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Figure 7.7. Test set-up for anode conductivity and SOFC electrochemical 
performance testing. 
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Figure 7.8. Schematic illustration of Ni-GDC anode conductivity measurement 
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Figure 7.9. (a) Low magnification TEM images of the NiO-GDC sample prepared 
by ion milling technique, (b) and (c) EELS spectrum from the grains marked 
GDC-1 and NiO-1 in (a), respectively. 
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Figure 7.10. (a) TEM image of NiO-GDC after in situ reduction at 700 °C in 
50%H2/50%N2 environment, (b) and (c) EELS spectrum from partially reduced 
NiO and Ni grain, respectively. 
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Figure 7.11. Partially reduced NiO grains: (a) in situ reduction at 700 °C and (b) 
ex-situ reduction at 900 °C. 
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Chapter 8 
 SUMMARY AND FUTURE WORK 
8.1 Summary 
The research in this dissertation was divided into three parts. Part one of 
the results (chapter 3, and chapter 4) described in detail the synthesis technique 
employed for Pr- and Gd-doped ceria nanoparticles and the characterization of the 
synthesized materials with respect to crystal structure, particle size and 
morphology, and chemical composition. The second part (chapter 5 and chapter 
6) described the investigation of the Pr-doped ceria as well as Ni-loaded Pr-doped 
ceria under in situ reducing conditions using the ETEM. Preliminary results on 
the fabrication and characterization of Gd-doped ceria electrolytes and Ni-GDC 
anodes for SOFCs were presented in the last part. A brief summary of the findings 
in this dissertation has been provided in the sections below. 
 
8.1.1 Synthesis and characterization of doped ceria nanoparticles 
 A spray drying technique was successfully used to synthesize 
nanoparticles of pure as well as mixed-oxide compositions of Pr- and Gd-doped 
ceria. This technique provides a relatively simple and cheaper solution over 
various other techniques for the synthesis of mixed-oxide compositions for 
SOFCs. For this technique, a spray drying set-up was designed and constructed 
wherein a first generation design was used for optimization of the process. 
Thereafter, considerable improvements in the second generation design were 
made and the mixed-oxide compositions were synthesized using this new design. 
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Nitrate salts of Ce, Pr and Gd dissolved in de-ionized water were used as the 
precursors for spray drying because of their high solubility in water and low 
decomposition temperatures as compared to various other precursors. 
 Low resolution TEM performed on the spray dried powders revealed an 
average particle size of 7 nm indicating the success of this technique for 
nanoparticle synthesis. High-resolution TEM performed on the spray dried 
product revealed regions of partial amorphization in the nanoparticle clusters 
which transformed into completely crystalline structures after a heat treatment at 
700 °C for 2 h. It was thus concluded that a heat treatment step was essential after 
spray drying to fully decompose the nitrate precursors into oxides. Particle size of 
the nanoparticles after this heat-treatment was found to be in the range of 17 nm 
to 42 nm, with pure ceria showing the smallest, Pr-doped ceria slightly higher and 
Gd-doped ceria the largest particle size. Crystal structure of all the mixed-oxide 
nanoparticles was found to be a fluorite-type cubic as evidenced by XRD. The 
XRD also revealed that the apparent change in the lattice parameter of Pr-doped 
ceria with Pr content depended strictly on the heat-treatment given to the samples. 
Opposite trends were observed, wherein, a low temperature heat-treatment lead to 
an increase in lattice parameter with Pr content as compared to a decrease in 
lattice parameter for the high temperature heat-treatment. HRTEM was also used 
to study the morphology of the nanoparticles and revealed the presence of pit-like 
defects in all mixed-oxide compositions. These defects were found to be of an 
average size of 2 nm with a defect density of 1 x 10-1 defects/nm2, irrespective of 
the composition.  
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 Quantitative EELS was used to determine the composition of individual 
nanoparticles of Pr- and Gd-doped ceria. For Pr-doped ceria, a background 
subtraction was obtained by using pure ceria EELS spectra as a baseline. Slight 
dependence of the calculated Pr concentration on particle was observed and was 
attributed to the apparent increase in Pr signal due to plural scattering effects. 
Correction for plural scattering was obtained from the change in the signal ratio of 
Ce-M5 to Ce continuum in pure ceria EELS spectrum with particle size. This was 
possible due to a similar relative change with particle size in both cases. Average 
concentration of Pr in the Pr-doped ceria compositions were found to be close to 
the nominal values. These values were further validated by ICP-MS in which the 
average Pr concentration on a macroscopic scale was obtained. Similar result for 
the Gd-doped ceria composition was obtained. Nanoscale heterogeneity was 
observed in all composition which on average was found to be similar for all 
doped ceria compositions. 
 
8.1.2 In situ investigation of doped ceria 
 Nano-structural and chemical changes in the doped ceria nanoparticles 
were studied using the ETEM under in situ reducing conditions of H2. In situ 
reducibility of pure ceria nanoparticles was first investigated to obtain a baseline 
measurement. EELS spectra acquired in the temperature range of 25 - 800 °C 
were used to obtain the change in oxidation state of Ce. A crystalline to 
amorphous phase change was observed in these nanoparticles upon in situ 
reduction at 700 °C, wherein, the presence of a speckle contrast pattern and 
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diffused rings respectively, in the high-resolution images and diffraction patterns 
were observed. Similar structural change in the Pr-doped ceria nanoparticles were 
observed but at a slightly lower temperature of 650 °C. The amorphization upon 
reduction was linked to the presence of the pit-like defects in the nanoparticles as 
no such structural change was observed in particles free of defects. The in situ 
observations were validated by ex situ experimentation. Lower reduction 
temperature of Pr-doped ceria was confirmed by TGA, where a linear decrease 
with Pr concentration was observed. Ex situ reduction performed on a fully 
crystalline sample confirmed the structural change observed during in situ 
reduction. The possible effect of an electron beam induced amorphization was 
thus ruled out. 
 Interactions between Ni metal and Pr-doped ceria were investigated next 
under the same in situ conditions as the bare oxide material. In situ reduction of 
the Ni-loaded Pr-doped ceria revealed the preferential amorphization at the 
Ni/PDC interface. Further investigations on the interfacial effects between Ni and 
PDC were done on a sample with completely amorphous PDC. A spatial variation 
in Ce oxidation state was observed in this sample where a lower oxidation state at 
the Ni/PDC interface was observed as compared to regions away from it, thus 
forming a reduction zone around the Ni particle. The variation in oxidation state 
was attributed to hydrogen spillover from Ni to PDC. A possible mechanism for 
hydrogen spillover was described and was based on the relative surface 
diffusivities of surface oxygen and spillover hydrogen. It was concluded that the 
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higher surface diffusivity of surface oxygen as compared to spillover hydrogen 
restricted the spread of the reduction zone. 
 
8.1.3 Preliminary results on GDC and Ni-GDC  
 GDC electrolytes were fabricated by a dry-pressing method where the 
powders were compacted into 20 mm disks and sintered in air at 1350 °C for 24 h. 
A sintered density of 92% was obtained with a linear shrinkage around 11%. SEM 
was used to determine the grain size distribution where the average grain size was 
found to be around 1.33 µm. Ni-GDC anodes were fabricated by first preparing a 
composite mixture of NiO and GDC in 60:40 ratio by weight to obtain 40 
volume% Ni in the final cermet. Two types of Ni-GDC cermets with initial NiO 
to GDC (dNiO/dGDC) particle size ratio of 2:1 and 3:1 were prepared by varying the 
processing conditions of the initial NiO and GDC powders. Electrical 
conductivity measurements performed after reducing the two anodes in H2/He 
mixture revealed a two orders of magnitude higher conductivity of the anode with 
dNiO/dGDC = 3:1, indicating the effect of processing conditions on the final 
conductivity of the anode. In situ reduction of the anode sample with dNiO/dGDC = 
2:1 in the ETEM showed two distinct behaviors in NiO grains. It was observed 
that some NiO grains underwent complete reduction to Ni metal as evidenced by 
EELS. On the other hand, some NiO grains underwent only partial reduction with 
Ni nanoparticles nucleated within the grains. These two observations were 
correlated to the poor electrical conductivity in this anode sample. 
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8.2 Future work 
8.2.1 Model SOFCs based on GPDC 
 The preliminary results presented in this dissertation provide the basic 
fabrication and characterization techniques which can be used to fabricate model 
SOFCs. GPDC electrolyte substrates can be prepared as substrates and Ni-GPDC 
anodes can then be deposited to obtain electrolyte-anode bilayers. Complete 
SOFC assemblies in a button cell configuration (Appendix I) can be fabricated for 
electrochemical performance measurement. Different compositions of GPDC can 
be used to investigate the effect of dopants on SOFC performance. Alternatively, 
anode-supported button cells can be fabricated by preparing Ni-GPDC anodes 
with graphite or rice-starch as a pore-former. Thin electrolyte layers (~10 µm) can 
be formed onto these substrates by colloidal spray deposition or screen-printing. 
The model SOFCs can be tested under different fuels like H2, methane and 
propane for the electrochemical performance of Ni-GPDC anode. Voltage-current 
characteristics of the model SOFCs can be studied under these fuels to investigate 
the overpotential losses during SOFC operation. Different cell configurations can 
be used to minimize these losses. 
 
8.2.2 In situ redox behavior of Ni-GPDC anode 
 Since the NiO to Ni reduction and re-oxidation of Ni to NiO involves 
large volume changes, the structural stability of the SOFC anode is of utmost 
importance and can be investigated by performing in situ redox reactions in the 
ETEM. Atomic scale interactions between Ni and GPDC under these conditions 
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can also be studied. A possible segregation of Gd and Pr dopants in GPDC to the 
grain boundaries and their interaction with Ni grains can also be investigated. The 
Ni-GPDC anode can also be studied under fuel other than H2 like methane and 
propane can also be studied. Carbon deposition under these fuel environments can 
be investigated and alternatively Cu-GPDC cermets can be studied under similar 
conditions. Nanostructral changes observed in the anode during in situ reaction 
conditions can be correlated with anode performance obtained from 
electrochemical testing. 
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Model SOFC assemblies can be fabricated using the GDC electrolyte 
substrates as the support structure. Anode material can then be applied in the form 
of a paste formed by mixing the NiO-GDC composite powder with a 20% 
terpineol binder in a mortar and pestle. The ink can be brush-painted onto the 
electrolyte to form an electrolyte-anode bilayer followed by drying in air for 10 h. 
Following this, the bilayer can be sintered at 1350 °C in air for 10 h at a heating 
rate of 2 °C/min to allow sufficient time for the binder to burn out. After sintering, 
Pt cathode paste can be brush painted on the other side of the electrolyte substrate 
and allowed to dry in air for 10 h followed by firing at 900 °C for 2 h in air. Ni 
and Pt mesh can be used as the current collectors on the anode and cathode side, 
respectively. 0.25 mm Pt wires can be used as electrical leads. Electrical contact 
with the wires and the current collector can be made by winding the end of the 
wire to the mesh. The schematic below shows the complete structure of the SOFC 
assembly.  
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SEALING AND LEAK-TESTING OF SOFC ASSEMBLIES 
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 Efficient sealing of the SOFC assembly to the alumina tube is a critical 
issue for successful characterization of the SOFC. This is because thermal stresses 
can be generated during repeated heating and cooling which can facture the seals. 
Seals could also be degraded due to long term interactions with the materials in 
contact or with the reacting or product gases formed during SOFC operation. 
Leaks on the anode side of the SOFC assembly can lead to a decrease in anode 
conductivity during initial start-up as the introduction of air can lead to 
incomplete reduction of NiO to Ni metal. Moreover, leaks during SOFC operation 
can lead to a decrease in cell output or can even cause an explosion if the reducing 
gas like H2 escapes out in larger quantities. Different sealants can be used to 
secure the SOFC assembly to the alumina tube. Conventionally, glass-based 
sealants, and metal seals like silver and gold have been used for SOFC testing. 
However, alumina and silica based composite sealants have been found to be very 
efficient for high temperature testing. Ceramabond® 835 MB and Ceramabond® 
552 VFG alumina-silica based sealants (Aremco Products Inc. USA) can be used 
as highly effective sealants. The coefficient of thermal expansion (CTE) of these 
sealants is around 7.7 x 10-6 °C-1 and 7.7 x 10-6 °C-1, respectively which is close to 
that of alumina. 
Leak tests can be performed by using the set-up shown in the figure 
below. The alumina tube with SOFC assembly sealed on one end can be inserted 
in the fixture as shown. The set-up is also connected to pressure gauge readout to 
observe a rise or fall in pressure. Nitrogen gas at a very small positive pressure 
(pressure greater than 1 atm) can then be allowed to fill the alumina tube. In case 
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of a leak, a drop in pressure with time would be observed. Conversely, the 
alumina tube can be subjected to a vacuum (pressure less than 1 atm). In this case, 
presence of a leak in the system would be indicated by a rise in pressure reading 
in the gauge.  
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